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Abstract 
Silhouette outline shapes of Middle Miocene molluscan genera from 
Maryland (Dosinia, Lucina, Lucinoma, Anadara, Astarte and Eucrassatella) were 
studied for temporal trends using Principal Components Quantitative Shape 
Analysis. Digitized fossil outlines were rotated to a common orientation using a 
principal axes rotation with modification, if necessary, by operator intervention. 
The peripheral coordinates were then reduced to 36 equi-angular radial lengths. 
R-mode Principal Components Analysis further reduced the data to four to eight 
factors accounting for at least 85% of shape variation. Factor score frequency 
histograms. and discriminant analysis revealed temporal shape trends. As fossil 
morphology can be recreated from factor scores, the morphological change 
represented by a trend was illustrated with reconstructed end member shapes. 
Dosinia, Anadara, Astarte and Eucrassatella exhibited gradual, 
unidirectional, intraspecific shape changes, while the evolutionary mode for 
Lucina anodonta and Lucinoma contracta was one of stasis. In terspecific 
morphological change within the A nadara lineage was manifested in large, 
abrupt leaps from one species to the next, in directions contrary to within 
species trends. The Astarte and Eucrassatella lineages displayed gradual 
interspecific shape changes, where the transformation of one species into the 
next species followed the direction of morphologic change reflected within the 
ancestral species. 
J 
, 
' 
1 
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Chapter 1 
Introduction 
Darwin (1859) suggested that species arise by the slow transformation of 
one species into the next. Difficulty in garnering fossil evidence for this model 
was blamed on a spotty geologic record. Recently, Darwin's gradualistic model 
has been challenged by the formulation of a new model for evolutionary rates, 
punctuated equilibria (Eldredge and Gould, 1972; Gould and Eldredge, 1977). 
Punctuated equilibria views the fossil record, which is full of long-ranging 
morphospecies with missing links in between, as a reflection of the true nature 
of evolution. The model further suggests that most species exhibit long periods 
of stasis separated by relatively short speciation events in which morphological 
changes take place quickly. Morphological intermediates are generally missing 
from the fossil record because the speciation events are restricted to such small 
populations that their discovery is virtually impossible. 
Support of either model depends upon adequate data. Specimens of fossil 
species should be collected throughout their geographic and temporal ranges. 
Morphometric techniques should consider as much shape information as practical. 
Contrasting results from morphometric studies have supported punctuated 
equilibria in the evolution of Poecilozonites bermudensis zonatus, a Pleistocene 
pulmonate snail (Gould, 1969), Phacops rana, a Middle Devonian trilobite 
(Eldredge, 1971, 1972), Miocene molluscs (Kelley, 1979, 1980, 1983a, 1983b, 
' 
1984), and Metrarabdotos, a Neogene bryozoan (Cheetham, 1986); and phyletic 
gradualism in the evolution of planktonic {9;alllinifera (Malmgren and Kennett, 
1981), a Permian foraminifer, Lepidolina multiseptata (Ozawa, 1975), Gondolella 
conodontophorids (Dzik and Trammer, 1980) and Plio- Pleistocene rodents of 
2 
the Mimoys lineage (Chaline and Laurin, 1986). S0rr1e recent studies have 
shown that the two evolutionary models are not mutually exclusive both 
contributing to the evolutionary patterns of the radiolarian lineage Pterocanium 
prismatium (Lazarus, 1986), Poseidonamicus, a deep-sea ostracode (Benson, 
1983) and a Miocene stickleback fish (Bell, Baumgartner, and Olson, 1985). 
Presently, no universal method for measuring fossil shape exists. The 
oldest and most commonly used method utilizes distances between homologous 
landmarks as shape variables (reviewed in Bookstein et al., 1985). The paucity 
of distinct homologous points in simple invertebrate fossils is a drawback of this 
method, because of the limited number of shape variables that can be collected. 
An alternative method recently· made possible by the development of image 
processors, is to utilize a nearly continuous representation of an organism's 
outline. No matter how simple the form, a plethora of shape variables can be 
collected for analysis. Although the outline . may not include all critical 
morphological features, our perception of the difference in shape is largely based 
on outlines (Scott, 1980). 
Principal Components Quantitative Shape Analysis (Parks, 1981, 1982, 
1983a, 1983b) is a morphometric technique which processes digitized outlines. It 
has successfully been applied in a Foraminiferal study and in sedimentalogical 
problems. In this study the method was applied to the peripheries of 32 species 
(table 1-1) of Middle Miocene bivalve molluscs from Southern Maryland. 
Maryland's Miocene bivalves were chosen because they are abundant, diverse, 
well preserved, and occur in unconsolidated sediments. The purpose of this 
study was two-fold: (1) to apply, for the first time, Principal Components 
Quantitative Shape Analysis oil macrofossil peripheries, (2) to determine 
3 
• 
,' 
evolutionary modes for the bivalve genera Anadara, Astarte, Dosinia, 
Eucrassatella, Lucina and Lucinoma. 
4 
• 
SPECIES unit 10 14 16 17 IQ 22 24 locality 16 17 13 11 3 10 11 12 6 6 7 8 g 4 1 2 Glycymeris parilis X 
Anadara subrostrata• X X 
Anadara staminea• X X X X X 
Anadara idonea• X X X Anadara arata X Astarte cuneiformis• X X 
Astarte thomasii X 
Astarte thisphila• X X X X X 
Astarte obruta X X X X X X 
Astarte Eer2lana• X Eucrassatella melina• X X X 
Eucrassatella turgidula• X X X X 
Eucrassatella marylandica• X 
Cardita granulata X 
Lucina anodonta X X X X X X X X X 
Lucina foremani X 
Lucinoma contracta X X X 
DiElodonta acclinis X X X 
Diplodonta subvexa X X 
Cerastoderma laQueatum X X 
isocardia fraterna X X X 
Isocardia ignolea X X 
Dosinia acetabulum X X X X X X X X X X X X 
Melosia staminea X 
Chione parkeria X X 
Chione alveata X 
Mercenaria mercenaria X X X X 
Mercenaria campechiensis X X 
Mercenaria elena X X X X X 
Macrocallista marylandica X X X X X X 
Mactra clathrodon X 
Corbula idonea X X X X X X X X X X 
' 
Table 1-1: Collection sites with· species collected. 
x -species was collected, * -member of ·iineage. 
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Chapter 2 
Previous Studies 
The Maryland Miocene has been extensively studied since the early 
nineteenth century by Thomas Say, T.A. Conrad, and others. In 1904, a major 
volume, the Miocene Text, was published by the Maryland Geological Survey. 
Descriptions of the stratigraphy were written by G.B. Shattuck and Bivalvia 
taxonomies by Glenn. Recent stratigraphic studies suggesting modifications of 
Shattuck's nomenclature and formational designations include Gernant (1970), 
Gernant et al. {1971), Ward and Blackwelder (1976b, 1980), Ward (1984, 1985), 
McCartan et al. {1985), and Kidwell (1982). This study incorporated recent 
systematic changes and bivalve nomenclature as described by Vokes in 1957. 
Descriptive studies of the molluscan taxa (Palmer, 1927; Schoonover, 1941; 
Gardner, 1943; Mongin, 1959; Ward and Blackwelder, 1975) noted some gradual 
evolutionary trends. 
Quantitative shape analysis of Miocene Bivalvia from Maryland include 
studies of the evolution of Chesapecten by Miyazaki and Mickevich {1982), and 
eight taxa, including Chesapecten by Kelley (1979, 1980, 1983a, 1983b, 1984). 
Kelley's results were based on bivariate and multivariate analysis of homologous 
point distances. Her conclusions were consistent with the punctuated equilibria 
model, contrary to previous non-quantitative taxonomic studies describing 
morphological intermediates and gradual trends (Glenn, 1904; Palmer, 1927; 
Schoonover, 1941; Ward and Blackwelder, 1975). 
The need to quantify shape was recognized by D'Arcy Thompson {1915) 
who used cartesian coordinates to describe the shape of one organism as the 
distortion of another. Benson (1981) and Benson et al. {1982) recently 
6 
developed ·a morphometric technique using a similar approach. However, rather 
than explaining shape change in terms of homogeneous plane strain, ~ in 
Thompson's model, they examine the differential deformation of geometrical 
representations of homologous parts as they relate to the overall form. Both 
methods rely on the recognition of homologous points to compute morphological 
changes. Point to point measurements have been widely used in biometric 
studies (Hallam and Gould, 1975; Miyazaki and Mickevich, 1982; Oxnard, 1969; 
Thomas, 1976; Chaline, 1986; Cheetham, 1986; Vasey and Bowes, 1985; Symons 
and Ringele, 1976) probably for reasons of instrumental limitations and past 
precedents, rather than theoretical considerations (Scott, 1980). 
A morphometric technique which processes an outline would provide more 
shape information for simple forms, such as bivalves, possessing few distinct 
homologous points. Fourier (Schwarz and Shane, 1969; Ehrlich and Weinberg, 
1970), Eigenshape (Lohmann, 1983) and Principal Components (Parks, 1981, 
1982, 1983a, 1983b) shape analysis have been developed to process the large 
data sets which are generated with this technique. The Fourier method 
characterizes an outline by a harmonic Fourier series of the expansion of the., 
radius as a function of the angle about the center of gravity. The harmonics 
are computed from: 
Rncos(n8 - 4> 0 ) 
where, R
0 
is the amplitude of the nth harmonic and cos(nO - 4,0 ) is the 
angle each shape component is rotated (Brown et al., 1980). Each harmonic 
represents a certain shape component, with the lower harmonics describing gross 
morphology such as elongation (2nd harmonic) and triangularity (3rd harmonic), 
and the higher harmonics describing textural c1 qualities. Selected harmonic 
7 
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amplitudes, which represent the contributions of a shape component to the 
overall shape, are used as variables for graphical and statistical analysis (Ehrlich 
and Weinberg, 1970). The method has been applied success£ ully in tracing 
sediment transport (Ehrlich et al., 1974; Yarns et al., 1976; Van Nieuwenhuise 
et al., 1978; Porter et al., 1979; Brown et al., 1980; Ehrlich et al., 1980; 
Mazzulo et al., 1984) and in stratigraphic correlation (Mrakovitch et al., 1976; 
Mazzulo and Ehrlich, 1980). 
Fourier analysis has also been used as a biometrical tool for bryozoans 
(Prezbindowski and Anstey, 1978; Anstey and Delmet, 1973), blastoids (Waters, 
1977), ostracodes (Kaesler and Waters, 1972; Younker and Ehrlich, 1977), 
Foraminifera (Healy-Williams, 1983; Healy-Williams and Williams, 1981; Belyea 
and Thunnell, 1984) and bivalves (Gevirtz, 1976). 
Clark (1981) states that the harmonic amplitudes are rotation-invariant, 
but associated phase angles are rotation dependent. The phase angle </, of the n 
Fourier equation has been ignored, which translates into at least a 50% loss of 
information. Parks (1981) demonstrated that two vastly different shapes could 
have the same harmonic values when their phase angles were disregarded. 
In an effort to utilize more of the information content, Parks {1981; 1982; 
1983a; 1983b;) has developed a rotational method of shape quantification, the 
Principal Components Quantitative Shape Analysis, whose results are comparable 
to those of Fourier Analysis ( Collins, 1983). In Principal Components 
Quantitative Shape Analysis a silhouette fossil outline is standardized to unit 
area and rotated about its center of gravity to a common orientation. Thirty-
six equi-angular radial lengths are then measured from the center of gravity to 
thirty-six points on the periphery starting at the northernmost point. The data 
8 
I 
is further reduced by R-mode factor analysis, and Q-mode multivariate 
discriminant analysis is employed to discern shape trends. Modifications of this 
method have been applied to the study of microfossils (Aycox, 1985; Cauller, 
1987), carbonate sands (Mengel, 1985), glacial pebbles (Siwiec, 1986), and quartz 
sand grains (Collins, 1983; Gibson, 1985; Blanchard, 1985). 
9 
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Chapter 3 
Geologic Setting 
The study area lies within the Salisbury Embayment, a basin which 
extends from the Virginia - North Carolina border to New Jersey. The 
Salisbury Embayment (Fig. 3-1) is the central landward extension of the 
Baltimore Canyon Trough, between the Albemarle Embayment to the south and 
the Raritan Embayment to the north (Murray, 1961 ). 
The embayments are divided by structural rises, the Norfolk Arch between 
the Albemarle and Salisbury Embayments, and the South New Jersey Arch 
between the Salisbury and Raritan Embayments. It is believed that the basins 
and highs are the products of block faulting which occurred during the Mesozoic 
rifting of the Atlantic Ocean (Sheridan, 1974). 
The history of the Salisbury and neighboring embayments included a 
Miocene marine transgression and regression. The Miocene transgression was 
marked by the syndeposition of the Kirkwood Formation in New Jersey, the 
Calvert Formation in Maryland and Virginia, and the Pungo River Formation 
in North Carolina. The Miocene regressive cycle, which has continued to the 
present, restricted marine deposition to southern Delaware, southern Maryland, 
and northern Virginia, where the Choptank and St. Marys Formations were 
deposited (Gibson, 1970). 
The depocenter within the Salisbury basin moved southward during the 
Miocene, and there was increased transport of terrigenous elastics into the 
system (Gibson, 1970; Blackwelder and Ward, 1976a). . The movement of the 
depocenter, the general uplift of the area (associated with the regression), and 
the increase of elastic deposition, were probably due to the rejuvenation of the 
10 
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Appalachian Mountains (Gibson, 1970). 
Most of the Miocene strata exposed on Mary land's western shore of 
Chesapeake Bay were probably deposited in an inner-shelf environment of less 
than 60 to 100 meters depth (Gibson, 1966, 1970). Gibson (1966) concluded 
from micropalaeontological evidence that the earliest Maryland Miocene 
formation, the Calvert Formation, was a cool temperate, marine environment 
and that there was a warming trend through to the Yorktown Formation which 
is thought to be warm temperate. The Yorktown Formation postdates the St. 
Marys Formation and is found primarily in Virginia. 
12 
Chapter 4 
General Stratigraphy 
In 1891, Darton first used the term 'Chesapeake Formation' to refer to a 
portion of the Atlantic Coastal Miocene strata. Fossil assemblages resembling 
those in Maryland were found as far south as Florida by Dall (1892), who 
subsequently extended the coastal unit from Delaware to Florida and changed 
Darton's term to the 'Chesapeake Group'. Presently, the 'Chesapeake Group' 
refers to the Coastal Plain rocks of Maryland, Virginia, and northeastern North 
Carolina. 
Shattuck (1904) divided the Miocene Coastal Plain sediments in Maryland 
into three formations and 24 zones. The formations, in ascending order, are the 
Calvert, Choptank, and St. Marys Formations. Because the 'zones', which were 
determined by lithologic characteristics and relative quantity of shells, actually 
represent rock-stratigraphic units (Krumbein and Sloss, 1963), the term 'zone' 
has been changed to 'unit' to avoid confusion of stratigraphic nomenclature 
(Gernant, 1970; Gernant et al., 1971). 
Where the formations are exposed, they strike northeast-southwest and dip 
to the southeast at about 10 feet per mile (Gernant, 1970). The Chesapeake 
Bay, Patuxent River, and Potomac River, are a few water bodies which 
I) 
intersect the formations parallel to dip direction. The rivers have eroded down 
through the formations, often leaving tall cliffs of exposed sediments. In fact, it 
is possible to traverse a nearly continuous section of the Miocene from Little 
Cove Point northward to Qhesapeake Beach, a distance of at least twenty miles. 
Refining age estimates of the Calvert, Choptank, and St. Marys formations 
by correlation . with the European type equivalents has been limited to an 
13 
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estimate of latest early Miocene and earliest middle Miocene for unit l O of the 
Calvert Formation (Gernant et al., 1971). Unit 10 of the Calvert was the only 
unit possessing sufficient planktonic Foraminifera (necessary for intercontinental 
correlation) because of the shallow-water nature of the Atlantic coastal plain 
sediments. 
Several prolific shell beds are present in the Miocene formations. Many of 
the fossils, which are reasonably easy to extract from the unconsolidated 
sediments, are morphologically indistinguishable from extant taxa. Thus, their 
\ 
ecology can be inferred. 
4.1 Calvert-Stratigraphy 
Shattuck (1904) divided the Calvert Formation into two members, the 
lower-most Fairhaven Diatomaceous Earth Member, encompassing units 1-3, and 
the Plum Point Marls Member, encompassing units 4-15. The lower twenty feet 
of the Fairhaven Diatomaceous Earth Member is composed primarily of 
microscopic tests of diatoms and the upper portion, a mixture of diatoms and 
clay. Recent work by Ward (1984, 1985) has established a younger age for 
unit 1 (upper Oligocene to lower Miocene) than the supposed age of the 
Fairhaven Diatomaceous Earth Member. He has subsequently promoted unit 1 
to formational status and named it the Old Church Formation. The thickness 
of the Fairhaven Member is about 55 feet. The overlying Plum Point Marls 
Member is composed of greenish-blue and bluish-green to light brown sandy 
-
clays. Units 10 and ·· 14 are two macrofossil bearing units of the Plum Point 
Marls which range in thickness from 4.5 to 13 feet and are 30 to 35 feet apart 
in the section (Vokes, 1957). The Plum Point Marls Member has a thickness 
of about 135 feet. Recently, unit 16, the Calvert Beach Member, has been 
14 
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placed at the top of the Calvert Formation (Kidwell, 1982; Newell and Rader, 
1982; Ward, 1984). Furthermore, Ward (1984) has suggested that units 14, 15 
and 16 represent a single sediment pulse and should be grouped together into 
the Calvert Beach Member. 
4.2 Calvert-Paleoecology 
The Fairhaven Diatomaceous Earth Member contains few invertebrate 
macrofossils, and Foraminifera and Ostracoda are normally leached out. 
However, Lucina anodonta is present in unit 3. As these bivalves are 
particularly well-adapted to conditions of reduced oxygen and food, these units 
may have been inhospitable for other infauna} molluscs (Gernant et al., 1971). 
Ostracode assemblages which remain in the uppermost sediments indicate that 
the environment of deposition of the Fairhaven Diatomaceous Earth Member 
was a dense mud substrate in approximately 30 to 50 meters depth of open 
• 
marine waters. 
The Plum Point Marls Member, units 4-10, contains a rich fauna. Unit 4, 
a Pyncodonta percrassa bed, dominated by very shallow-water foraminiferal 
(Gibson, 1962) and ostracode (Gernant et al., 1971) assemblages, was deposited 
in the shallowest water of the Calvert, 25 to 35 meters. Units 5-9 represent a 
depth • increase to possibly 44 to 55 meters of open ocean water, with the 
greatest depth achieved in unit 8. Evidence for deeper water included the 
absence of shallow-water species and a high content of planktonic Foraminifera 
and fine sediment (Gibson, 1~2). 
~ ... 
Unit 10 is a fossil shell-rich unit (Fig. 4-1). The faunal diversity is great 
with some of the more abundant molluscs being Glycymeris, Corbula, A nadara, 
Astarte, Eucrassatella, and Turritella. Certain shallow-water molluscs, i.e. 
15 
Figure 4-1: ll11it IO from spa level t.o about 2 mf>ters abovf> 
sea lf',·el, north of Plum Point. Lower I /3 t.o I /2 rnetn 
of tht> unit is shell supportPd fabric with a high dPnsity 
of Glyrymeris parili.~ fossils {locality /I I 5 ). 
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Mercenaria, common in the Choptank and St. Marys, are missing in this unit. 
Ostracode assemblages signal a shallowing from the lower units and it appears 
that unit 10 was deposited in 10 to 45 meters of open ocean water (Gernant et 
al., 1971 ). 
The ostracode assemblage of unit 11, a dense clay containing few 
macrofossils, indicates a transition back to deeper waters. Unit 12 is a bone 
bed containing marine mammal remains. Molluscs are broken up and poorly 
preserved. According to Gernant, unit 12 is the deepest water of the Maryland 
Miocene, the ostracode assemblage indicating depths of 75 to 80 meters. There 
is little fossil evidence to determine an environment for unit 13. Unit 14 is the 
uppermost prominent shell bed of the Calvert (Fig. 4-2). Common molluscan 
genera include Glossus, Chione, Astarte, and Lucina. The fauna and sediments 
resemble unit 12, but differences indicate a disti~ct regression to 35 to 50 
\ 
meters of open marine waters (Gernant et al., 1971). Unit 15 contains too 
little fossil evidence to determine an environment. 
The uppermost member of the Calvert, the Calvert Beach Member, 
represents a warm, shallower water environment than the underlying units 
(Gibson, 1962). The ostracode assemblage indicates that it was deposited at 
depths of 45 to 60 meters (Gernant, 1970). Turritella plebeia, which is the 
dominant macrofossil present, accumulated in relatively sheltered, stenohaline 
waters of low turbidity. The quiet-water, organic-rich, muddy sand and mud 
substrates of the facies is consistent. with the ecological tolerances of modern 
lucinids whose Miocene r~~sentative, L. anodonta, occurs fairly abundantly in 
life position (Kidwell, 1982). The grading of the Turritella facies into an 
/sognomon facies indicates firmer substrate conditions and a shallowing trend 
17 
Figure 4-2: \..;nit 14 at Governor Run lwach (l,~ality 1113). 
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within the Calvert Beach Member (Gernant, 1970; Gernant, et al., 1971; 
Kidwell, 1982). Specimens were collected from the member (unit 16, Fig. 4-3). 
4.3 Choptank-Stratigraphy 
Overlying the Calvert is the Choptank Formation. Shattuck {1904) placed 
the contact between units 15 and 16 where he recognized an overlapping 
unconformity. The existence of the unconformity has been questioned 
(Schoonover, 1941; Gernant, 1970; Kidwell, 1982). Gernant (1971) states that 
there is an unconformity separating the Calvert Formation and equivalents from 
the overlying Yorktown Formation in Northern Virginia, but there appears to 
have been virtually continuous deposition through this interval in Maryland, 
represented by the Choptank and overlying St. Marys Formations. Gernant et 
~ 
al. (1971) depict the contact between the Calvert and Choptank Formations as 
being conformable in Figure 4-4. Presently, the base of the Choptank has been 
moved upwards to solely incorporate unit 17 (Kidwell, 1982; Newell and Rader, 
1982; Ward, 1984). 
Shattuck's 'zones' 16-20, which he placed within the Choptank, were given 
• 
member status by Gernant (1970). They are, in ascending order, the Calvert 
Beach, Drumcliff, St. Leonard, Boston Cliffs, and Conoy Members. The Conoy 
Member has been placed within the overlying St. Marys Formation as the basal 
unit of Ward and Blackwelder's ( 1980) Little Cove Point unit. 
The Drumcliff (unit 17) and Boston Cliffs (unit 19) members are the two 
major macrofossil members. The lower fossiliferous member is about 6 to 30 
feet thick, the Boston Cliffs Member is about 12 to 15 feet thick, and they are 
separated by about 8 to 20 feet of unfossiliferous sand. The total thickness of 
the Choptank Formation ranges from approximately 50 to 100 feet (Gernant, 
19 
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Figure 4-3: '"J'hf, ( .~alvert }leach (unit 16) and overlying Drumcliff 
( unit 17) !\1(·rr1bers distinguishable by wet appearance of 
th~ (;a) V()rt 1-lPaf t1 i\t1ember and highly fossiliferous nature of 
f)rurr1cliff M,•111ber at Kenwc><><J Ilearh (locality # 12). 
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1970). 
4.4 Choptank-Paleoecology 
Samples were collected from the highly fossiliferous Drumcliff Member, unit 
17 (Fig. 4-5). Macro- and microfaunal assemblages indicate a very shallow-
water environment for the Drumcliff Member, with the dominant occurrence of 
the hyaline foraminiferal species, Cibicides lobatulus, found in normal-to-high 
salinities, suggesting a marginal marine environment (Gernant, 1970; Gernant et 
al., 1971; Kidwell, 1982). Molluscan assemblages containing Glossus, Turritella, 
and Lucina are present in the upper part of the Drumcliff member indicating a 
deepening-up to quiet sublittoral environments, and the occurrence of 
Cerastoderma, A nadara, and Bicorbula characterize shallow-water conditions 
(Gernant, 1970; Kidwell, 1982). 
Unit 18, the St. Leonard Member, represents a marginal • marine 
environment (Gernant, 1970, 1971) where the low-diversity fauna and small-scale 
variability is indicative of coastal rather than open shelf environments. Possibly 
the St. Leonard represents a bay mouth and near-shore shelf environment 
(Kidwell, 1982). A Mytilus interval is evidence for shallowing-up during an 
essentially progradational history of the member in the Calvert Cliffs and 
Patuxent regions (Gernant, 1970; Gernant et al., 1971; Kidwell, 1982), 
culminating, according to Kidwell, in an erosional discontinuity between the St. 
Leonard and overlying Boston Cliffs members. 
The Boston Cliffs shell bed, unit 19 (Fig. 4-6), resembles the Drumcliff 
shell bed, representing shell accumulation in shallow to very shallow sublittoral 
environments (Gernant, 1970; Gernant et al., 1971; Gibson, 1962; Kidwell, 
1982). Specimens were collected from this unit. Macro- and microf aunal 
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assemblages of the lower part of the shell bed on the Eastern Shore show the 
strongest brackish water influences of all the Choptank strata, which may 
indicate the nearby effluence of the ancestral Patapsco or Patuxent Rivers, and 
possibly even the Susquehanna River (Gernant, 1970; Kidwell, 1982). The 
upper part of the shell bed is a densely packed and indurated bed of 
Chesapecten which, in fauna and lithology, is gradational with the underlying 
infauna} assemblages and overlying Turritella-rich Conoy Member. The upper 
part of unit 19 probably indicates a slightly deeper environment than the lower 
part of the shell bed, though it still records a shallow sublittoral environment. 
The Conoy Member, unit 20, is the most consistently fine-grained and 
muddy of any member in the Choptank. Based on the Turritella assemblages, 
it probably represents shallow to intermediate sublittoral environments (Kidwell, 
1982). Gernant (1970, 1971} has recorded paleobathymetries of 35 to 50 meters 
based on microfaunal evidence. 
4.5 St. Marys-Stratigraphy 
There has been debate concerning the nature and placement of the 
boundary between the Choptank and St. Marys formations. Shattuck ( 1904) 
observed a conformable contact which he placed between 'zones' 20 and 21. 
Gibson (1971 }, Gernant (1970, 1971 ), and Kidwell (1982) are in assent with the 
placement of the contact, but observed it to be unconformable (fig. 4-4). 
Blackwelder and Ward (1976b, 1980) noted an unconformity between units 19 
and 20 (rather than 20 and 21), where they coincidentally positioned the upper 
contact of the Choptank and named units 20-23 the Little Cove Point Unit. 
The St. Marys is composed of bluish sandy clays and fine sandstones and 
there are two shell-bearing units, 22 and 24. The best exposure of_ unit 22 is 
· 24 
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Figure 4-8: Brown sandy fossiliferous Boston Cliffs Member 
(unit 19) at Camp Baybreeze (Locality # 6). 
-
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at Little Cove Point in Calvert County, southern Maryland, where the unit 
reaches a thickness of approximately 20 feet (Fig. 4-7). The best localities of 
unit 24 are in St. Marys City, along the St. Marys River (Fig. 4-8). The total 
thickness of the St. Marys Formation is at least 150 feet. It is difficult to 
make a closer estimation because there is no locality where the entire vertical 
section of the St. Marys is exposed. 
4.6 St. Marys-Paleoecology 
Unit 21 of the St. Marys was deposited in shallower waters than the 
underlying Conoy Member (Gernant et al., 1971). Macrofossils are scarce. 
Microfossils indicate a shallower environment, where the dominant foraminifers 
are the hyaline species, Cibicides lobatulus, signaling normal-to-high salinities, as 
in either a very shallow subtidal area or a restricted region (Gernant et al., 
1971; McCartan et al., 1985). 
Unit 22 contains allochthonous shell beds of diverse macrofossils. 
Specimens were collected from this unit. The molluscan fauna is distinctly 
similar to the Calvert and Choptank shell beds. However, the great numbers of 
Nassarius and Mangelia reflect the shallower water environment of unit 22. 
Ostracode assemblages suggest a very shallow-water, brackish environment, a 
marginal marine origin (Gernant et al., 1971). 
Unit 23 is a sparsely fossiliferous unit possessing rare specimens contained 
in assemblages of unit 22, suggesting. a similar, very shallow to marginal marine 
environment for unit 23 (Gernant et al., 1971 ). 
i 
Unit 24 was the youngest unit from which the author collected specimens. 
It is composed of two facies, a brown sandy shell bed facies (Fig. 4-8) and a 
less fossiliferous blue clay facies. The second facies contains autochthonous 
26 
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Figure 4-7: l.'nits 21-23 of the St. Marys Formation at Little 
... 
... 
(;c>\'e Point. Unit 22 is over 5 meters thick and outcrops 
approximately 2/ 3 of a meter above sea level (Locality #4) . 
Fig11re 4-8: l\rc,\\'rt s<1racly sh•·II l~<J fa(·ips of 11nit 2·1 at 
< · t, au c · • · 11 c, r · ~ I > t, i 111 i II St . \ 1 n r y s ( :it l ( I.,()(" a Ii 1 y iJ 1 ) . 
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molluscan assemblages (Gernant et al., 1971). The fauna) assemblages of both 
facies indicate a very shallow marine origin and the latter a muddier substrate. 
Though some species are new and proportions of major taxa have changed from 
the Calvert and Choptank, the characteristic constituents of the macrofaunal 
assemblages within the three formations are still present in abundance. 
Prosobranchs are particularly more abundant in this unit, indicating a shallower 
and probably lower energy environment than the shell beds of the Calvert and 
Choptank ( Gernant et al., 1971 ). 
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Chapter 5 
Biostratinomy 
One of the earliest authors to consider the biostratinomy of the shell beds 
was Mongin {1959), who postulated that unit 17 represented a beach 
accumulation during a time of transgression. Beach deposition appears unlikely 
as the fragmentation and wear that would result from such a mechanism is not 
apparent (personal observ.; Kelley, 1979). Fowler ( 1966) considered the 
Choptank shell beds to have been "concentrations formed by storm waves which 
winnowed out clay sized particles." Gernant (1970) explained the origin of the 
shell beds as resulting from the sweeping of marine swells through the area 
creating zones of traction and accumulation in bottom deposits. In the 
mechanism a passing swell would create a pressure gradient at the water-
substrate interface, causing a flow into and then out of the sediment. As water 
flows out of the substrate, the sediment is lifted out, and larger material settles 
out first. In this process, live infauna! bivalves are reoriented and take in a lot 
of sediment and epifaunal scallops can be mired in the churning sediment 
upside-down, in a more hydrodynamically stable position {Gernant, 1970). 
Blackwelder and Ward {1976b), who attribute the vast shell beds to 
normal accumulation on a very productive seafloor, argue that grain size sorting 
and small scale layering that should occur with Gernant's model are not 
apparent within the shell beds. Furthermore, Blackwelder and Ward point out 
that Gernant's upside-down mode of death for the scallops is incorrect due to 
an improper understanding of the life position of Chesapecten. The 
Chesapecten 's life orientation is in the hydrodynamically stable position with the 
flattened valve resting on the substrate. Many of the bivalves have been bored 
29 
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by predators, especially the genera Astarte and Eucr
assatella. Kelley ( 1979) 
determined that 1/2 to 1/4 of her bivalve samples had
 been bored, suggesting a 
predation mode of death, different from the cata
strophic hypothesis. The 
stacking of disarticulated valves several high, which 
the author has observed in 
the field, does not lend credence to Gernant's catastro
pohic mortality hypothesis, 
where the Chesapecten valves are not disarticulated but p
ressed together. 
Kidwell {1982) has cited the sediment budget as the leading mech
anism in 
forming the dense shell . beds. Fursich ( 1978) has stressed the 
importance of 
condensation beds w
ithin the shallow shelf the formation • 10 of shell 
environments. Condensation produces dense shell de
posits in times of reduced 
sedimentation. Unfortunately, the process of conden
sation creates some mixing 
of biofacies and time-averaging of different communi
ties, prohibiting a detailed 
analysis of community and trophic-group structure (Kidwell, 1982). 
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6.1 Field Methods 
Chapter 6 
Methods 
Bivalves were carefully extracted from seven fossiliferous units of the 
Chesapeake Group in. Maryland, units 10, 14 and 16 of the Calvert Formation, 
17 and 19 of the Choptank Formation, and 22 and 24 of the St. Marys 
Formation. The collection sites are depicted in Figure 6-1. A screwdriver was 
used to pry the shells from cliffs of unconsolidated sediments. Occasionally, the 
extraction of whole shells required for the study was impossible because the 
fossils were in an iron indurated layer, or were weaker (from dissolution) than 
their matrix. Certain bivalve species were consistently better preserved, while 
others could rarely withstand handling. Whole shells only were collected. 
Thus, this study will be biased towards the better preserved bivalves. 
Furthermore, more time was spent collecting the common and abundant species 
because large numbers of individuals of each species are better for statistical 
purposes. 
Species identification was performed at the time of collection using the 
Mary land Geological Survey 's Bulletin 20 "Miocene Fossils of Mary land" by 
Harold E. Vokes ( 195 7) for reference. Fossils were identified and traced in the 
field to preclude the loss of samples due to breakage during transport. A few 
examples of each species traced from every unit were kept for more positive 
~ 
identification at a later date. 
The outlines -of the bivalves were recorded by tracing around their forms 
with a pencil. The species traced and their associated units are listed in Table 
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Figure 6-1: ~lap of study area with collection sites: 
I-Chancellor~ Pt, 2-Langleys Bluff, 3-Drum 
Cliffs, 4-Little Cove Pt, 5-Calvert Cliffs 
State Park, 6-Camp Ba)·breeze, 7-Rocky Pt, 
8-Camp Conoy, 9-Flag Pond. 10-Calv~,4rt Beach, 
1 l-~1atoaka Cottages .. 12-l{enwood Bch, 
13-Governor Run Bch. 14-Scientists Cliffs .. 
. . 
15-Plum Pt. 16-Camp Roosevelt, 
17-Randle Cliffs Beach. 
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1-1. Three lineages were collected. According to the personal communicatior1 of 
-~ 
Ward with Kelley (1979), Anadara, Eucrassatella, and Astarte contain species 
with direct ancestor-descendant relationships in the Maryland Miocene. One 
objective of this study was to test for evolutionary trends within each lineage. 
There were a few species that were present in every formation, namely Lucina 
anodonta and Dosinia acetabulum. Collection of these particular species was not 
always easy as there were preservational problems and/or a lack of abundance 
in certain units. However, a concerted effort was made to collect each species 
from as wide a vertical section as possible in order to test for intraspecific 
trends through time. 
6.2 Data Collection 
Coordinates of the bivalves' traced outlines were recorded using a Houston 
Hipad II electronic digitizing tablet with a stylus and an IMS 5000 micro-
computer with a floppy disc drive and a Winchester hard disc drive (Fig. 6-2). 
The digitizing tablet was interfaced with the micro-computer by a FORTRAN 
"Digitize" program (Parks, 1985). 
Each shell outline was manually traced with the digitizing stylus, in a 
period of about 10 seconds, starting at the umbo. The digitizer was set in a 
switch/stream mode which collected coordinates at the stylus's location every 25 
milliseconds. Approximately 150-200 data points were gathered for each shell. 
The digitize program normalized the data to unit area and distinguished the 
initial point at the tip of the umbo from the other points with an 'N'. The 
procedure was repeated for every shell and the data were stored on floppy disks 
for further analysis. 
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Figure 6-2: Equipment used for collection and processing 
of grain s~ape data (from Collins, 1983) 
.) 
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6.3 Data Processing 
6.3.1 Rotation Methods 
One of two FORTRAN programs was used to rotate the normalized fossil 
outlines to a common orientation: (1) "Binpaxm" (Parks, 1986) or (2) 
"Modrot3" (Parks, 1986). 
"Binpaxm", a principal axes rotation program was based on a paper by 
Tough and Miles (1983), and was used for the elongate genera. The method 
rotates a shape to position its principal eigenvector in an east-west orientation, 
using all of the coordinates in a least squares fit to elongation. Then thirty-six 
equi-angular radial lengths are computed from a calculated center-of-gravity to 
each of the thirty-six points interpolated around the margin using cubic curve 
fit. The shape is then flipped north-south and/ or east-west according to a best 
least squares fit to an asymmetric reference shape stored as 36 radial lengths. 
Finally, the shape is plotted on the screen where the rotation is either accepted 
or flipped north-south and/or east-west again. The location of the umbo is 
retained through all of the rotations and flips. 
This method worked well for elongate forms because the principal 
eigenvector had a consistent orientation from specimen to specimen. However, 
for rounder species where th_e principal axis was less consistently oriented for 
different specimens, "Modrot3" was a more appropriate rotation technique. 
"Modrot3" rot~ies all of the coordinates to put the umbo and center on a 
north-south line, where the urnbo is directly above the center. Thirty-six points 
are then interpolated by cubic curve fit to two adjacent points on either side, 
from which 36 equi-angular radial lengths are computed. The shape is then 
plotted on the screen after which the operator can flip it east-west if necessary. 
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A further program, "Bivrot", (Parks, 1986) allows the operator to rotate 
chosen shapes to any specified degree and plots the results on the screen for 
acceptance. This program was used to fine-tune the previous rotation methods 
so that biological landmarks such as umbos and ventral margins were oriented 
to corresponding locations between specimen peripheries. 
6.3.2 Principal Components Analysis 
R-mode principal components analysis is a multivariate analytical technique 
J 
which enables a set of multidimensional data points to be mapped into a two-
dimensional plane. In this way, visual patterns can be displayed graphically for 
evaluation. The method computes a few hypothetical variables called principal " 
components or factors, representing essentially the same information as the 
larger set of observed variables (Joreskog et al., 1976). Thus principal 
components analysis functions as a method of multivariate data reduction 
(Davis, 1973). 
The principal components are determined through eigenanalysis of the data 
set. The transformed data set is represented by an n x d matrix [X] with 
elements x .. , where n is the number of objects and d the number of variables. IJ 
The eigenvector and eigenvalues are computed from the d x d covariance matrix 
of matrix [X]. The first eigenvector corresponds to the 
• 
axis of greatest 
variance, the second eigenvector is orthogonal and corresponds to the axis of 
second greatest variance, and so forth, with all of the axes orthogonal and 
accounting for consecutively next greatest varianc~), 
Because the eigenvectors and values are extracted from a 
• 
variance-
covariance matrix, an initial statistical analysis was performed on the data sets 
to make certain that each variable had a normal or quasi-normal distribution. 
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As the variables of the data sets ( especially the larger data sets) exhibited a 
normal (or nearly so) unimodal distribution, the covariance coefficients and 
quantities derived from them are interpretable (Sokal and Rohlf, 1969). 
The factor loadings matrix can be rotated using various techniques 
including varimax and quartimax to reveal alternative points of view in the 
factor space. Five different rotations and no rotation were used to compare 
results. The rotation exhibiting the most promising results was tested for 
validity by comparing the original shapes with the reconstructed fossil shapes 
from the new frame of reference. 
Through matrix manipulations, the shape data are expressed by the 
equation : 
[X] == [F] [A1] 
where [X] is the original n x d standardized data matrix, [F] is the n x p 
factor scores matrix (p == no. of factors), and [ A 1] is the d x p factor loadings 
matrix. The factor loadings matrix gives the weights of each of the original 
variables in relation to the factors. The factor scores represent the amount of 
each factor in the object (shell). 
In order to reconstruct the original shape of an object using the basic 
factor equation above, after matrix multiplication of [F] and (A 1] the resulting 
n x d matrix [X] must be destandardized by multiplying each variable by its 
standard deviation and adding the product to the corresponding average radial 
length. , 
The method of principal components analysis that was used in this study 
is an option in the BMDP statistical software package (Frane et al., 1983). 
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6.4 Data Analysis 
6.4.1 Factor Scores 
Individual fossil shape data which were reduced by principal components 
analysis (BMDP, Frane et al., 1985) to 5 to 8 factors were visually compared 
by two-dimensional plots of factor scores 1 vs 2, I vs 3, and 2 vs 3. Only the 
first three factors were plotted as they accounted for approximately 90% of the 
total variation of the sample {Appendix A). Each composite sample was 
composed of species within the same genus from different stratigraphic units. 
Twenty samples containing fifteen different genera were analysed. Both different 
species and different units were discriminated by various symbols on the factor 
plots. 
The largest samples were chosen for further analysis to determine inter-
and intraspecific trends. Factor I score frequency histograms were constructed 
for fossil species at each stratigraphic level of occurrence. Shifts in the mean 
and the nature of the sample populations were noted. 
The best factor rotation was determined by visual inspection of the factor 
score plots and multi-group discriminant analysis. The rotations are options of 
the BMDP4M program which contains three orthogonal and two obliq~e 
rotations. Though the determination of the factor rotation method is somewhat 
arbitrary, it fulfills the purpose of representing each data set of distinct species 
from different time intervals by the shape factors which maximize inter-· and 
,. 
intraspecific differences. Factor axes were graphically defined by representing : 
extreme scores with the associated reconstructed fossil shapes. Thus shape trends 
were tied to the morphological changes that they represented . 
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6.4.2 Discriminant Analysis 
For the larger samples chosen for Q-mode analysis, relationships between 
groups made up of different species and time intervals were quantified using 
discriminant analysis. The goal of multigroup discriminant analysis is to make 
the ratio: 
[B]/[W] 
as large as possible, where fB] is a p x p (p :::: no. of variables) matrix of 
between group covariances and [W·1] is a p x p matrix of within group 
covariances. Ideally, the means of groups will be widely spread, while within 
group observations will be tightly clustered about their group means (Blackith 
and Reyment, 1971 ). Discriminant analysis attempts to find a set of linear 
weights for the variables, which will maximize this ratio. 
The set of linear weights can be expressed as elements of vector A that 
causes the ratio of: 
to be a maximum (Mather, 1976). Generally, the denominator is set equal 
to one such that 
• 
With this constraint, the ratio will be maximized when the eigenvector 
[A1] corresponds to the largest eigenvalue of [W]_1 [BJ (Mather, 1976). The 
) 
second eigenvector is orthogonal to the first and corresponds to the second 
largest eigenvalue of [W]_1 (B], the third eigenvector is orthogonal to the first 
and second eigenvectors and corresponds to the third largest eigenvalue of 
39 
I 
', 
.. 
(W]_ 1 (BJ, and so on. 
The matrix [W]_1 [BJ is asymmetric, complicating the procedures for 
determining its eigenvalues and eigenvectors. In the method used, BMDP7M 
(Jennrich and Sampson, 1983), variables in the discriminant function are chosen 
in a stepwise manner, with both forward and backward selection. At each step, 
the variable that adds the most to the separations of the groups is entered. F 
values of differences between pairs of groups, and each variable, Wilks' lambda, 
the F approximation of Wilks' lambda, and tolerance value statistics are 
computed with each step. The F statistic is used to determine limits for 
. 
variable entry and removal. The F statistic-entry-limit was 4.000 and the F-
removal-limit was 3.996. 
Discriminant functions were determined by the method of canonical 
variates, where the original observation space was transformed resulting in a 
reduction of the within-group ellipsoids of scatter to spheres (Blackith and 
Reyment, 1971). As a consequence, the latent vectors of the canonical variate 
calculations are not orthogonal. The canonical variates ( the underlying axes of 
variation) are determined first, after which the groups are arranged in the space 
defined by the variates. The arrangements of the groups in space are called the 
"discriminatory topology". The advantage with determining the axes of 
variation first rather than constructing them from the geometrical representation 
of the arrangement and distances of the various groups, is that should the 
arrangement of groups • require three or more dimensions for its proper 
inspection, the canonical variates can be taken two at a time, enabling visual 
representation of different aspects of the overall picture (Blackith and Reyment, 
1971). 
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Mahalanobis distances were computed between group means and between 
each case to its group centroid. Percent correct classifications and canonical 
scores were computed for each case. Group mean canonical scores for canonical 
variate 1 vs canonical variate 2 vs time, were plotted three-dimensionally. 
Shape trends were depicted · using the shapes of fossils whose canonical scores 
most nearly approximated group means of the first two canonical variates. 
" 
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-Chapter 7 
Results - Methodology 
Principal components analysis reduced the data matrices of eighteen 
samples to 4 to 8 columns of factors (Table 7-1). The factors cumulatively 
accounted for approximately 90% of the total variation (Appendix A). Earlier 
workers using the R-mode factor analysis approach have demonstrated that a 
collection of factors accounting for approximately 90% of variation adequately 
describes shape {Collins, 1983; Mengel, 1985). Rounder genera; Cerastoderma, .. 
Diplodonta, Dosinia, etc.; required more factors (i.e. 7) to describe their shape 
than the elongate genera (Table 7-1). The reason rounder genera have more 
factors is because many factor patterns, accounting for small equivalent amounts 
of variation, can be fit within the shape. When plotted (Appendix B) the 
patterns resemble Fourier harmonic shapes. There are however some profound 
differences: {1) Fourier harmonics add nodes or loops with each increasing 
harmonic value while factor patterns may retain the same number of nodes but 
orient them at different angles. Thus factors 1 and 2 might both account for 
elongation but be offset 45 degrees; (2) Fourier harmonics have symmetrical 
loops of equal size, while factor patterns have asymmetrical nodes of all 
different sizes. 
The significance of the asymmetrical positive and negative nodes becomes 
~ 
apparent when factor scores are combined with the factor patterns· to recreate a 
fossil shape. A large negative factor score for an A nadara specimen will create 
an elongate shape along the anterior-posterior axis and shorten the. dorsal-ventral 
distance.· A large positive ·factor score will create an oblong shape in a dorsal-
ventral orientation (Fig. 7-1). The factor 1 patterns of rounder forms are 
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Cumulative Variation of Samples 
Explained by Factors Contributing a Variance> or= 1.000 
GENERA [no. of fossils] R-round 1 2 3 4 6 8 
E-elona:. 
Glycymeris (parilis) [49] R .288 .446 .670 .676 .742 .791 
"· 
Anadara [267) E .634 .688 .774 .829 .869 .902 
Astarte [186] E .627 .676 .804 .847 .888 .920 
Eucrassatella [108] E .422 .684 .719 .842 .901 
Lucina 1 Lucinoma [239] R .370 .628 .731 .802 .846 .882 
Di2lodonta [38] R .321 .669 .708 .776 .836 .872 
Cerastoderma [36] R .307 .681 .713 .783 .841 .887 
Isocardia1 {Glossus) [40] E .696 .740 .826 .886 .902 .930 
Dosinia (acetabulum) [129] R .413 .670 .688 .788 .826 .888 
Melosia {staminea) [41] R .328 .668 .897 .773 .838 .878 
Chione [64] E .347 .698 .738 .842 .876 .904 
Mercenaria 1 Macrocallista [163] E .660 .688 .783 .849 .903 
Mercenaria [131] E .424 .688 .722 .807 .888 .900 
Macrocallista, M3 [32] E .492 .784 .871 .907 
-Macrocallista, BN [32] E .458 .712 .811 .877 .911 
-Mactra (Spisula) (36] R .338 .631 .864 .768 .820 .871 
Left Corbula valves [71] R .236 .431 .688 .706 .773 .826 
Right Corbula valves [89] R .337 .606 .704 .788 .862 .902 
Table 7-1: Cumulative variations of each factor, R-round 
species, E-elongate species, number of specimens in each 
sample recorded in brackets next to genera names. 
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.833 .866 
.903 
.919 
.898 
.907 
.900 
.883 
,, 
distinctly different from the elongate factor l patterns. Though the majority of 
factor 1 patterns have 4 loops with similar orientations, defining elongation, for 
both shape types, the negative and positive loops are reversed. For elongate 
forms, the negative loops are oriented parallel to the anterior-posterior axis (Fig. 
7-2) while the negative loops of the rounder species run along the dorsal-ventral 
axis (Fig. 7-3). Large negative factor 1 scores for elongate species produce 
forms with small shell height/width ratios and vice versa for rounder species. 
Factor 1 defines ellipticity in all of the samples. Factor 2 also defines 
ellipticity but at a different orientation to factor 1. Factors 3 and 4 generally 
represent triangularity at two different orientations and factor 5 and larger 
factors represent a multitude of shape contributions, some too complex to 
understand. Original fossil shape was reconstructed using all of the factors 
chosen to represent the shape (Fig. 7-4). The relative contribution of each 
factor to the shape is illustrated in Figure 7-4 where, beginning with factor 1, 
the shape contribution of each factor was added to the average shape one at a 
time. The importance of factor I in describing the shape is demonstrated by its 
successful near approximation of the original shape. Factors 2 and 3 add 
··, 
further detectable modifications to the shape but are substantially less important 
than 1. Shape modifications added by factors 4 and larger factors are barely 
discernable. Thus this study concentrated on factor 1-3 scores for the samples 
chosen for Q-rnode analysis. 
The factor rotation methods which best emphasized inter- and intraspecific 
differences were quartimax for the Astartes, Dosinia acetabulums, Eucrassatellas, 
Lucina anodontas, and Lucinomas contactas, and no rotation for the A nadaras. 
Factor scores, patterns and the average sample shapes were combined to 
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Figure 7-1: The reconstruction of two specimens of 
A nadara using different factor 1 scores in 
the standard factor equation. 
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FACTOR PATTERNS, MEACEN. AND MACRO., M3 M, NO ROT 
FACTOR 5 
FACTOR 4 
. FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
Figure 7-2: Factor patterns of the elongate Mercenaria 
and Macrocallista with negative loadings oriented 
along the anterior-posterior axis. 
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FACTOR PATTERNS, DOSINIAS, M3, QRMAX 
FACTOR 7 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
a NEGATIVE LOADINGS 
FACTOR 1 
Figure 7-3: Factor p~tterns of the round Dosi"nia 
with negative loadings oriented along the 
dorsal-ventral axis. 
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FACTOR RECREATIONS OF ASTARTE SHAPE 1 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
FACTOR 1 
Figure 7-4: The reconstruction of Astarte fossil 
shape 1 using factors 1 through 6. 
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r-econstruct the original fossil shapes in each data set. The reconstructed shapes 
were compared with the shapes of the original data set (Appendix C) and found 
to be satisfactory representatives of the original shapes . 
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Chapter 8 
Results - Paleontology 
8.1 DOftnia acetabtlum Conrad - Family: Veneridae 
8.1.1 Morphology and Paleoecology 
Dosinia acetabulum species is confined to the Miocene of the U.S. East 
Coast from New Jersey to Florida. The species is abundant in units 22 and 24, 
common in units 16, and 17, and rare in unit IO, 14, and 19. 
The average length of the specimens collected was about 7 cm. Gernant 
{1970) notes that the size distribution of D. acetabulum is clumped around 6 to 
8 cm in height and there is an "extreme lack of smaller shells". Because this 
study is biased towards the shape trends of adult specimens, it does not 
describe on togenetic effects. 
Dosinia acetabulum is equi-valved, with numerous concentric striae, 
prominent umbones and a deep lunule (Fig. 8-1 ). The species possess 
heterodont dentition with three teeth on the right valve and four teeth on the 
left. The shells are relatively thin compared to the smaller species such as 
A nadara staminea and were often crushed by the overburden of sediments. 
Since whole shells were required for this study, collection was biased towards 
stronger, better preserved specimens which withstood extraction from the 
sediments to remain whole. 
The shells lack strong ornamentation and are relatively smooth much like 
the extant species Dosinia elegans Conrad, whose life habit, according to Stanley 
(1970), is one of r~pid burrowing in sandy substrates. The disc-like D. elegans 
takes two or three burr~wing sequences to erect itself to an orientation with the 
.; 
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ligament axis tilted slightly forward from the horizontal. D. elegans slices 
through the sediments with a fast rocking motion through a rotational angle of 
25 degrees. The rocking motions are preceded by ventral expulsion of water. 
The life position of D. elegans and D. discus, both U.S. East Coast extant 
species, is from 2.5 to 10 cm below the sediment surface, with the long axis 
vertical, posterior region oriented up with the elongate siphons extending directly 
upward (Stanley, 1970). Ansell {1961) has noted that the British shallow-water 
extant species Dosinia lupinus lincta and D. exoleta have a life position with the 
ligament more or less horizontal. 
Gernant (1970) illustrates the life position for D. acetabulum with the 
ligament horizontal, as in Figure 8-1. He reports that the mode of life was 
infauna!, shallow-water. Presumably, the species was a suspension feeder 
extending long siphons to the surface of its preferred sandy substrates. 
8.1.2 Q-mode Analysis 
Individuals of D. acetabulum varied from elliptical (long axes connecting 
the dorsal and ventral regions) to round (Figs. 8-2,8-3,8-4). The factor 1 scores 
contained the majority of information concerning this change, negative scores 
creating the oblong shapes with reduced posterior regions and shallow gently 
sloping lunules, positive scores generating rounder shapes with more pronounced 
anterior and posterior regions, and deeper lunules. The time relationship of the 
shape change illustrated in Figure 8-5 shows a gradual shift in the average 
factor 1 scores from negative values (oblong shapes) in the earliest units, to 
positive values. {disc-like shapes) in the youngest units. 
When discriminant analysis was performed upon the reduced data set the 
unidirectional trend revealed by the factor 1 score frequency histograms was 
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FACTOR 2 
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-again apparent. A plot of the first canonical variate vs time illustrated the 
temporal shape trend from an elliptical to a round shape (Fig. 8-6). 
The discriminant function successfully classified 62.8% of the fossils with 
their corresponding units. Species from units 14, 16, and 24 were grouped 
correctly 75.0, 80.0, and 88.1 % of the time. 100, 90, and 98% of these fossils 
respectively, were either correctly classified or placed within one unit of where 
they belonged. Fossils from units 17 and 22 were correctly grouped 31.8 and 
63.4% of the time, while 77.0 and 95.0% respectively, of the specimens were 
either correctly assigned or placed within one unit of their proper units. None 
of the fossils from units 10 or 19 were accurately grouped. However, 50.0% of 
the specimens of unit 10 were placed within a unit of 10 while only 33% of the 
species from unit 19 were classified within one unit. It is important to note 
that both units 10 and 19 were represented by a small number of fossil 
outlines, four from unit 10 and six from 19. With the exception of the fossils 
from unit 19, the discriminant functions were very successful in distinguishing 
between fossil morphologies from different units. A model of stasis would yield 
results of small variation in morphologies from different units, with the 
classification of fossils into time groups reflecting a random pattern. The high 
percentage of fossils placed correctly or within one time unit lends support to 
the model of gradual evolution for D. acetabulum. Morphological change 
through time is substantial enough to discriminate between units, while the close 
morphological affinities between adjacent units verifies that the change from one 
unit to the next is gradual. 
It is interesting to note that the morphology of the younger species of D. 
acetabulum more closely resembles the extant D. elegans and D. discus. 
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Figure 8-6: Average 1st canonical variate scores of 
D. acetabulum through time (vertical axis). 
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Possibly the disc-like D. acetabulums were more efficient burrowing forms, slicing 
through the substrate much as their extant descendants do today. 
8.2 Lucina anodonta Say and Lueinoma contrada Say - Family: 
Lucinidae 
8.2.1 Morphology and Paleoecology (.' 
.-, 
Lucina anodonta is abundant in unit 10, common in units 17 and 24 and 
less common in units 16, 19, and 22. Unit 10 also contains L. foremani but 
this species is not found elsewhere in the Maryland Miocene (Schoonover, 1941 ). 
L. anodonta ranges in length from about 15-50 mm with an average of 
about 40 mm. The shells are round and equi-valved. The apices are not 
prominent and the teeth are obsolete. Ornamentation is lacking except for 
irregularly spaced growth lines (Fig. 8-7). Often the shells are considerably 
thickened by the addition of material to the inside of the shell, especially the 
area enclosed by the pallial line (Schoonover, 1941). 
Lucinoma contracta is generally larger in length than Lucina anodonta. 
The shells are convex, round, and equi-valved, with numerous concentric, 
regular, equi-distant, elevated striae. Umbones are not proininent and the 
apices are nearly central. There is one cardinal tooth in the left valve, two in 
the right and no lateral teeth. L. contracta is common in units 14, 16, and 17. 
Both Lucinoma contracta and Lucina anodontf]. were infauna} suspension 
feeders. They fed through an anterior tube of mucus-cemented substrate 
contrary to most eulamellibranchs. They were also able to accept larger 
particles because they sorted nutrients with a ciliated anterior adductor rather 
than their gills as is common with most eulamellibranchs. As a result, lucinids 
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can be found in environments which preclude other groups of bivalves, such as 
euryhaline near-shore environments where they are commonly found. 
8.2.2 Q-mode Analysis 
Factor score plots (Figs. 8-8,8-9,8-10) of Lucina anodonta did not reveal 
any clear temporal trends. The variance of the factor 1 sample means (for each 
unit) was only .05, and the factor 1 frequency histograms showed no· .gradual 
shape change (Fig. 8-11). The factor 2 axis did separate species from the 
youngest and oldest units ( units 24 and 10) as illustrated by the factor 2 score 
frequency histograms (Fig. 8-12), but the variance between the units' factor 2 
score means was still small ( .16). The factor score distributions for units 17, 
19 and 22 were indistinguishable, suggesting that the species experienced a 
period of stasis. The morphological change from units 10 to 24 was from a 
disc-like shape, with produced posterior and anterior regions, to an oblong 
shape, possessing a larger height/width ratio. 
Discriminant analysis computed one canonical variate for the five groups of 
L. anodonta, defined by one variable, factor 2. Less than half ( 42.8%) of the 
fossils were correctly classified. Specimens from units 10 and 24 were the most 
successfully assigned with 51.3% properly grouped in ·unit 10 and 65.2% in unit 
24. The percentage of species classified correctly or within one unit of unit 10 
and 24 was 67.0% and 78.0%, respectively. Of the specimens from units 17, 19 
and 22; 10.8, 16.7, and 0.0% were assigned to their corresponding units, and 
46.0, 42.0 and 56.0%, respectively, were. grouped correctly or within adjacent 
units. 
Figure 8-13, illustrates the temporal trends of the average canonical variate 
scores for each unit. The average variate scores for the first four units are so 
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Figure 8-8: 
FACTOR 1 
Factor 1 vs 2 scores of L. anodonta; I-unit IO, 
2-unit 17, 3-unit 19, 4-unit 22, 5-unit 24. 
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Figure 8-9: 
FACTOR 1 
Factor 1 vs 3 scores of L. anodonta; I-unit -10, 
2-unit 17, 3-unit 19, 4-unit 22, 5-unit 24. 
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FACTOR 2 
Factor 2 vs 3 scores of L. a.nodonta; I-unit 10, 
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similar that each score is encompassed within the standard error bars of at, least 
one other unit. Species from unit 24 exhibited the only significant change in 
morphology and that change was slight. Overall, valve peripheries in L. 
anodonta displayed little change through time (within 1.5 canonical variates). 
The major pattern is one of random fluctuation in morphology. The random 
pattern coupled with the relative lack of success in discriminating species: from 
different units suggests evolutionary stasis. 
The factor 1-3 plots (Figs. 8-14,8-15,8-16) yielded a basically random 
scatter of points for Lucinoma contracta from units 14, 16 and 17. The factor 
1 axis displayed the only evidence of an intraspecific temporal trend. The 
factor 1 score frequency histograms (Fig. 8-17) revealed that there was 
essentially no difference between the species from units 14 and 16. Unit 17 
exhibited a wider variation in shape. However, the variance between the 
average factor 1 scores for each unit was only .04. The lack of shape change in 
L. contracta was underscored by the relative inability of the computed 
discriminant function to correctly classify specimens from the three units. Only 
47.2% of the fossils were correctly assigned to one of three groups, not many 
more than the 33% that could be expected by random chance. Average 
canonical variate scores (Fig. 8-18) distinguished unit 14 specimens from those 
of unit 16 and 17 which were essentially equivalent, but on the whole,. the 
species underwent little change (less than 1.5 canonical variates). The temporal 
trend for Lucinoma contracta appears to have been one of stasis. 
Lucina anodonta's ability to tolerate environments of stress may explain 
why its evolutionary mode w~ one of stasis. The paleoecologic conditions 
during Maryland's Miocene may have offered few .. selection pressures for L. 
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FACTOR 1 
Factor 1 vs 2 scores of L. contracta; I-unit 14, 
2-unit 16, 3-unit 17. 
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FACTOR 1 
Factor 1 vs 3 · scores of L. contracta; I-unit 14, 
2-unit 16, 3-unit 17. 
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anodonta, whose tolerance of temperature fluctuations and euryhaline 
environments permitted it to thrive where other bivalves could not. 
8.3 A,tarte Lineage - Superfamily: Astartacea, Family: Astartidae 
8.3.1 Morphology and Paleoecology 
Astarte cuneiformis, the first species of the lineage found in the Maryland 
Miocene, is common in unit 10 and rare in unit 14. Schoonover ( 1941) 
identifies three varieties of this species in unit 10; parma, calvertensis, and 
obesa; to which Glenn {1904) had granted the status of species. 
Astarte cuneiformis averages about 33 mm in length and 23 mm in height. 
The shell is trigonal in shape with the posterior side varying from very 
pronounced, to only slightly pronounced, giving the shell a more compact 
triangular outline. The umbones are flat, with prominent ridges, the apex very 
acute and the lunule pronounced (Glenn, 1904). The second species in the 
genus, A. thisphila, is .abundant in unit 17, common in unit 16, and rare in unit 
19. A. thisphila differs in shape from A. cuneiformis in that its posterior is less 
produced, and it is less elongate, resembling an equi-lateral triangle (Fig. 8-19). 
A. perpliina, -the th1rd species in the lineage, is" abundant- in unit -24. -The 
posterior is pronounced giving it a shape similar to A. cuneiformis. All of the 
species were represented predominantly by adults, biasing the sample population 
but minimizing ontogenetic effects. 
The life mode of extant Astarte undata Gould is that of a slow burrower . 
..::. 
Several burrowing cycles are required to erect the shell which burrows using a 
20 degree angle of rotation with the hinge approximately horizontal. The life · 
position of Astarte varies, as with other non-siphonate burrowers, around a 45 
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thisphila fossil from 
inf erred life position . 
... 
degree orientatior1, witl1 the posterior ( containing minute inhalant and exhalant 
apertures) often poking through the sediment surface a few millimeters (Stanley, 
1970). 
8.3.2 Q-mode Analysis 
Of the three factor score plots (Figs. 8-20,8-21,8-22), the two plots 
containing factor 1 axes were the most successful at illustrating inter- and 
intraspecific variation. The factor 1 axis represented the morphological change 
from the negative scores of elongate forms with small height /width ratios to the 
positive scores of rounder species with larger height/width ratios. The factor 1 
score frequency histograms (Fig. 8-23) exhibited the change in the valve 
peripheries from the elongate A. cuneiformis to a rounder A. thisphila and back 
towards a.n elongate shape with A. perplana. The variance between the factor 1 
score means was 0.44. 
Discriminant analysis successfully classified 65.4 % of the species. A. 
cuneiformis of unit 14, and A. thisphila of units 16 and 17 were correctly 
assigned 66. 7, 71.4, and 62.2% of the time, while 100% of these specimens were 
either correctly classified or placed in directly adjacent units. Species from the 
oldest and youngest units, A. cuneiformis (unit 10), A. thisphila (unit 19), and 
A. perplana (unit 24), were accurately grouped 80.0, 66.7, and 46.9% of the 
time with a large number of incorrectly assigned specimens placed in the most 
disparate stratigraphic levels. The reason as illustrated in Figure 8-24 is that 
the morphology of the youngest species (A. perplana) converged towards the 
oldest species (A. cuneif or mis). 
oldest and Y.gungest units occurred. 
Thus a mixing of morphospecies from the 
The greatest · morphological change was the intraspecific change of A. 
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/ 
cuneiformis fr<)m unit 10 to unit 14. Cc>rnpared to the <>verall tem
poral shape 
trend, the change could be interpreted as a punctu
ated event. However, since 
the difference in ages between units has not been e
stablished a rate cannot be 
computed. The time interval between units 10 an
d 14 could be greater than 
between units 14 and 16, 16 and 17, and 17 and 19, a
ccounting for the greater 
change in shape. It is probably reasonable to assum
e that there was more time 
between the deposition of units 10 and 14 than th
e units listed above having 
fewer units between, such that the morpholog
ical transformation of A. 
cuneiformis from unit 10 to unit 14 may represent the outcome 
of a gradual 
rate of evolution over a longer period of time. 
Though a rate cannot be computed the direction
 of a trend can be 
evaluated. The pattern of change through time wa
s a spiral (Fig. 8-25) with 
unidirectional intraspecific trends. The Astarte 
lineage changed from an 
elongate, cuneiform shape into an equilateral trian
gular form, and then back 
towards a more elongate shape. Because the d
irections of the intraspecific 
trends were preserved with the first occurrence of d
escendent species, a gradual 
mode of evolution best describes the development o
f this lineage. The success 
of discriminant analysis in assigning fossils from all 
but the oldest and youngest 
units to their proper or directly adjacent units also supports
 a gradual 
evolutionary mode. Fossil morphologies from dif
ferent units were distinct. 
· However, mixing of shape types from adjacent units occurred be
cause of the 
existence of morphological intermediates. Species fr
om the youngest and oldest 
units were less successfully placed in adjoining fossiliferous units b
ecause they 
were convergent forms. 
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8.4 Eucra,,atella Lineage - Superfarnily: Astartacea, Fnmily: 
Crassatellitidae 
8.4.1 Morphology and Paleoecology 
Eucrassatella melina is the oldest member of the lineage present in the 
Maryland Miocene. It is characteristic of unit 10 and occurs less commonly in 
unit 14. The genus is equi-valved and thick shelled, possessing beaks with 
concentric grooves, which on E. melina extend less than 8 mm from the beak 
and are about 10 in number (Schoonover, 1941). The shell is sub-triangular in 
shape with an obtusely rounded anterior margin and a more pronounced 
posterior. The beaks are flattened and slightly opisthogyrous. In E. melina the 
posterior is less pronounced and more square that the other species of the 
lineage. Also the shell is thinner and less convex. 
E. turgidula, the next species in the lineage is abundant in unit 17 and 
less common in unit 16. The species differs from E. melina in that it is thicker 
shelled and more convex. The posterior is more produced, narrower and more 
angular (Fig. 8-26). The umbonal ribs are coarse, extending 10-15 mm from 
the beak (Schoonover, 1941). 
E. marylandica, the youngest member of the lineage, is common and 
restricted to unit 19. The beaks are more rounded and opisthogyrous than the 
other species and the umbonal ribs are much finer and fewer, numbering 4-5 
and extending only 5 mm from the beak. The posterior region is even more 
pronounced in this species. All three species averaged about 5 cm in ~eight. 
According to Gernant (1970) the life habit for Eucrassatella was that of a 
shallow burrowing, non-siphonate, suspension feeder preferring cooler waters. He 
illustrates the genus in a life position of 45 degrees, with the posterior end up, 0 . 
84 
\ 
.~ .............................................. -------------............. ..,.. ............ '!er ... .. 
·" .-:•,-·· . . . - .. . . . . . 
• • • • • • • . ~ ... . . . . . . . . ... . 
. . . . . . . .. . . . . . 
.. ~ . J.. • .... . ' . . .. •• • •: • 
,· ... ' . . ' . . . .. . . . . ' ~ 
.• • • • • • •• • • •• • # • • • f•• I , . .. ', . .._. . .. . . . . - . . , ... 
,• • • .• -· • • • • • .. • • • • r ! . . . . .. . . . . ..:: .  . . .. . 
,,~ .· ... : .···· ·:· . ..·~.-· . ::.. ·. 
, .. . . . ... . .. .. . .. ,.. ' 
.I
/ • • • • .. .. • ••• '. • 
. . ~ . . '.. . .. , . . . 
. · ....... ,.., .,. ...:;·· : 
. ,:. ... •. . .. .•. ..... . . ' . . . . . , . . 
,~· ..... '. . . . . . .- . . . . .. . . . . 
.,.. . \ ' .. . . . , . . ~ .. 
. .• ' .. -~ ' • ,t ~. •• - ••• • • • 149 •• 
..• . . . .... .. . .. .... .. . .. ' ,. . .. . 
.. . .... ,., ... .,. .. ,, . . 
,·· . . .. . . . ~· ,.... . . .· ' . ' ... ·. ~ ..... : 
.• •• . • • . •. ·J:.:-,,•• • •• •• • ti • ··~ • • • 
•• • • • • • • • • • .,. ......... :.,,, • • • • • • ... ··- ...... f' 1.,. • ... • • -
.. ·········-·--· ··:...:.~................. ,.:,- ....... ----,···'····-·- ................... , ...... . 
Figure 8-26: 
{l~ .... 
-r., .. ,. 
'•,·--:~-.. I•"' • .,,. 
.: •• IL 
...... 
. . ... " 
.• .. . . 
I '• • 
• • 
..... , 
• • 
• • • i 
• • 1 
• • 
• 
• • 
:_ ~\ 
•• 
• 
•: 
• 
• • 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
' 
' • • • 
• • 
• 
• 
• 
•• • 
• .... . .
y• • 
r: .. : 
'l,• • • •• 
-~ .... 
•:. .. ._-
•I.-\• 
Eucrassatella turgidula fossil 
inferred life position . 
from 
17 unit • ID 
85 
-•· 
"·· 
' -. 
right below the sediment surface. 
8,_.2 Q-mode Analysis 
The factor plots (Figs. 8-27 ,8-28,8-29) revealed temporal trends along the 
factor 1 and 3 axes. Both the factor 1 (Fig. 8-30) and factor 3 (Fig. 8-31) 
frequency histograms further defined a trend, but the lack of fossils in units 14 
and 19 were shown to be a serious drawback in confirming the existence of this 
trend throughout the units studied. The morphological transformation alo11g the 
factor 1 axis was from a less elongate shape with approximately equally 
pronounced anterior and posterior regions, to a very elongate shape possessing a 
more produced posterior. The factor three axis defined the morphological 
change from a wide square posterior to a narrower more angular posterior 
region. The variance between factor 1 score means was .45, and for factor 3 
score means it was .34. 
Discriminant analysis classified 55.6% of the Eucrassatella 
• 
species 
accurately. Though there was only one specimen for E. melina in unit 14, and 
two specimens of E. marylandica in unit 19, their outlines were distinct enough 
that they were placed in their correct units. , Thus, though E. marylandica was 
only represented by two fossils, its morphology was still determined to be 
distinguishable from the other species. E. melina, from unit 10, and E. 
turgidula, from units 16 and 17, were correctly assigned 62.5, 29.6, and 63.0% of 
. 
. 
the time, while 66.0, 52.0, and 87 .0% of the species were placed in their proper 
' 
or adjacent units. The temporal shape trend as illustrated by the 
morphospecies of the average canonical variates for each unit (Fig. 8-32) was 
from a broader posterior region to a narrower angular posterior and more 
opisthogyrous beaks. 
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The lack of species in units 14 and 19 rnakes the determination of an 
evolutionary mode a very subjective exercise. Overall, the change in shape 
between units appears to have been gradual with the existence of equivalent 
morphotypes shared between units, especially adjacent units, as illustrated by 
the factor 1 and 3 frequency histograms (Figs. 8-30,8-31 ). Morphologies 
between units were as distinctive within species as interspecific morphologies, 1so 
that a model of intraspecific stasis with interspecific punctuated mutations does 
not strictly apply. The transformation in shape along the 1st canonical variate 
axis ( accounting for 81 % of total dispersion) was gradual from E. melina to E. 
turgidula, while E. marylandica disrupted the trend by reversing its direction, 
and moving to a lower 2nd canonical variate. The average canonical variate 
~ 
scores of E. marylandica are not as reliable as the other scores because they are 
· based on the morphologies of two specimens. What can be concluded is that 
the lineage became more opisthogyral and developed a more produced, angular 
posterior through time. 
8.5 Anadara Lineage - Superfamily: Arcacea, Family: Arcidae 
8.5.1 Morphology and Paleo.ecology 
Anadara subrostrata, the oldest member of the lineage studied, is common 
in unit 10. The species is thick shelled, though less so than A. staminea, and 
. . 
equi-valved. The valves are strongly concave, the hinge is linear in the middle 
and the teeth are obsolete, except at the extremities of the hinge plate. The 
posterior is pronounced and cuneiform (Fig. 8-33), and the species is rel&tively 
greater in length than the other two species of the lineage. Ornamentation 
includes about 30 p~ominent ribs . which are flat and _ longitudinally sulcated. 
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The species is fairly large reaching maximum lengths of over 5.5 cm. 
A nadara staminea, A. subrostrata's descendant, is common in uni,t 17 and 
19, and less common in unit 16. A. staminea is less elongate t4an A. 
subrostrata and the valves are more inflated. 
A nadara idonea is the youngest of the lineage present in the Maryland 
Miocene. According to Kelley (1979), Ward has suggested that a new species, 
I 
A. chesapeak_~nsis, intermediate between A. staminea and A. idonea, occurs in 
units 20-23 (Ward and Blackwelder's (1980) Little Cove Point unit). This 
study, however, abides by the present convention of classifying the suggested 
new species A. chesapeakensis with A. idonea. A. idonea is abundant in units 
22 and 24. It is very similar to A. staminea, though. it possesses a more 
produced posterior. 
. ' 
' 
Stanley (1970) describes two modes of living for A nadara: (1) an infaunal 
or epifaunal byssally attached condition which preceded the development of .. (2) 
the fre~; burrowing forms. Species such as the extant A nadara antiquata which 
byssally attach to the substrate, are distinguished from the free burrowers A. 
ovalis and A. chemnitzi by their more elongate shapes. The elongate and 
flattened ventral margin provides a broader means of support for byssal 
attachment (Stanley, 1970). 
The Middle Miocene lineage studied was composed of elongate forms, 
especially A. subrostrata, suggesting a byssally attached mode of life. The 
supposition that the genera were byssally attached, serqj-infaunal, suspension 
feeders is supported by Gernant (1970). 
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unit IO. 
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8.5.2 Q-mode Analysis 
Of the factor score plots (Figs. 8-34,8-35,8-36) the fattor I vs 2 (Fig. 
8-34) score plot yielded an interesting streaked pattern that seemed to suggest 
the existence of different morphotypes within each unit. The ontogenetic 
contribution to factor 1 vs 2 was explored by plotting fossil area in relation to 
the factor scores (Figs. 8-37 ,8-38,8-39,8-40). Size had little influence upon the 
linear pattern of A. subrostrata (Fig. 8-37) other than the fact that larger 
~,-fossils had a greater variation in shape. A. staminea in unit 16 (Fig. 8-38) 
showed a random relationship between size and shape as did the species from 
unit 19 (Fig. 8-40). In fact, the only example where shape appeared to be 
effected by size was with A. staminea in unit 17 (Fig. 8-39), where smaller 
specimens had lower factor 2 scores. 
fingers of the factor 1 vs 2 plot. 
Ontogeny did not explain the linear 
There was a proportional relationship between the factor 1 and 2 scores 
where small factor 1 scores, generating elongate shapes, were coupled with small 
factor 2 scores, creating straight ventral expanses, and larger factor 1 scores, 
having smaller height/width ratios, were paired with larger factor 2 scores and a 
rounded ventral region. Byssally attached, epifaunal Arcids are characterized by 
elongate shells with flattened ventral margins (Stanley, 1970), a morphology 
which lowers the center of gravity and provides a broad base for attachment. 
V 
The. rounder forms would be less suited for an epifaunal byssally attached life 
mode. The general evolution from the early elongate species of the A nadara 
lineage to rounder forms might signal a change in life habit from epifaunal 
byssally · attached to infaunal burrowers. Figures 8-41, 8-42, 8-43 depic.t the 
morphological transformation from A. subrostrata to A. staminea to A. idonea ,, __ _ 
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Figure 8-34: Factor 1 vs 2 scores of Anadara; . 
)-unit 10 A. subrostrata, i-unit 16 A. staminea, 
3-unit 17 A. stani·inea, 4-:unit 19 A. staminea, 
5-unit 22 A. idonea, 6-unit 24 Langleys Bluff 
A. idonea,. 7-unit 24. Chancellors Point A. idonea. 
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Figure 8-35: Factor 1 vs 3 scores of A nadara; 
I-unit 10 A. subrostrata, 2-unit 16 A. staminea, 
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A. idonea, 7-unit 24 Chancellors Point A. idonea. 
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Figure 8-36: Factor .'2 vs 3 scores of Anadara; 
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8-37: Factor 1 vs 2 scores of A. subrostrata 
specimens plotted by area; increasing areas symbolized 
by values 1-9, O, P, S, T. 
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Figure "8-38: . Factor I vs 2, scores of A. starninea 
specimens from unit 16 plotted by area; increasing 
.,.... areas symbolized by values 1-7. 
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. Figure 8-39: Factor 1 vs 2 scores of A. staminea 
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specimens from unit ·· 17 pTotted by area; increasing 
areas symbolized by ,palues 1-9, 0. 
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in relation to the factor axes. 1"lie general interspecific trend was not reflected 
in the within-species trends. The direction of change within the A. staminea 
and A. idonea species was from rounder to more elongate forms, (Fig. 8-44). 
The morphological change within A. idonea appeared to be gradual and was less 
so in A. staminea. But transformation from A.. staminea to A. idonea was 
contrary to the intraspecific trend of A. staminea and the change was abrupt 
(Fig. 8-45). 
Discriminant analysis correctly classified 61.5% of the specimens. Of A. 
subrostrata specimens, 94.3% were accurately placed, the remaining specimens 
being grouped three horizons above, in unit 19. The lack of intermediate forms 
between A. subrostrata and· the first occurrence of its descendent, A. staminea, 
was revealed by these results, where there was no mixing of morphospecies 
between units 10 and 16. The amount of time that elapsed between the 
deposition of unit 10 and unit 16 may account for the punctuated change from 
A. subrostrata to A. staminea. The rate of change may have been gradual, 
but the intermediate forms that would have evolved were missing in the 
outcrops studied. Of A. staminea specimens from units 16 and 17, 56.3 aod 
35.3% were correctly. grouped, and 81.0 and 71.0% were placed accurately or 
within one unit of where they belonged. None of the specimens was assigned to \ 
unit 19. There was a close affinity between the species of unit 16 and 17. 
74.4% of A. staminea from unit 19 were accurately assigned and there were no 
misplaced. specimens from unit 19 in units 17 · or 22, the adjacent horizons. · The 
high percentage of correctly a~signed specimens and the absence of any unit 19 
forms in the closest unit~ is contrary to what would be expected from a gradual 
mode of evolution, where intermediate forms would blur the classification of 
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Figure 8-41: Factor 1 vs 2 scores of Anadara: 
I-unit 10 A. subrostrata; 2-units 16,17,19 
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Figure 8-42: 1 Fact.or l vs 3 scores of A nadara: 
1-uni t 10 A. subrostrata; 2-units 16, 17, 19 
A. staniinea; · 3-units 22,24 A. idonea. 
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Figure 8-43: . Factor 2 vs 3 scores of Anadara: 
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Figure 8-44: Average canonical ,,ariate 1 scores 
·through time (vertical axis) for A nadara. 
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Figure 8-45: 3-dimensional plot depicting the 
average canonical variate l and 2 scores 
of A nadara specimens from each unit 
(y axis represents time). Pc>ints which are 
labeled by their associated units are plotted 
on the corners of planes tt1at run parallel 
to the z (can. var. 2) axis. 
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morphospecies in adjacent units. Of the specimens of A. idonea from unit 22 
• 
and 24 at Langleys Bluff, and 24 at Chancellors Point, 50.0, 52.8, and 58.3% 
were accurately grouped. The percentage of specimens assigned correctly or 
within one fossiliferous unit was 71. 7, 94.4, and 81. 7% respectively. The high 
percentage of fossils classified within the nearest horizons and the unidirectional 
trend support a model of gradual evolution for A. idonea. 
Based on the shape changes of the valve peripheries for A. subrostrata; A. 
staminea, and A. idonea, the punctuated equilibria model best explains the 
evolutionary trend. lntraspecific shape changes were small relative to 
interspecific changes and the direction of change within a species was arbitrary 
relative to the interspecific trend . 
. ·,\ 
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Chapter 9 
General Discussion 
Contrasting results amongst the six taxa indicate that both punctuated 
equilibria and phyletic gradualism contributed to the evolutionary pattern of the 
bivalves. The lack of morphological variation exhibited by Lucina anodonta and 
Lucinoma contracta in this and Kelley's ( 1979, 1980, 1983a, 1983b, 1984) study 
lends support to the punctuated equilibria model for these species. Phyletic 
gradualism was evident in the temporal pattern of Dosinia acetabulum where 
morphospecies from each unit were distinct and morphologically intermediate 
forms were present. Possibly greater selection pressures were brought to bear 
upon D. acetabulum. In an earlier study, Kelley (1979) concluded that D. 
acetabulum exhibited evolutionary stasis as '·opposed to phyletic gradualism. Her 
results were based upon bivariate statistical analysis of traditional dimensions 
such as height, length, and width. Missing shape data precluded the use of 1 
multivariate analysis in Kelley's study which may account for the discrepancy. in 
./~ 
our results. 
Unidirectional trends and significant morphological change belied an 
evolutionary mode of stasis in the intraspecific transformations of the three 
lineages. Support for punctuated evolution included larger shape changes due to 
transpecific events {Cheetham, 1986) and/or reverses in intraspecific trends due 
· to speciation. The A nadara lineage provided support for this model on both 
points. The evolutionary trend of the A nadara lineage was the result of 
speciation events whose direction of morphological change ran counter to the 
' "'· 
gradual intraspecific trends. Kelley also observed a discordance between inter-
and intraspecific trends for A nadara. In. contrast, Bell et al. (1985) for 
111 
Gasterosteus dorysus ( a Miocene stickleback fish) and Lazarus ( 1986) for 
Pterocanium prismatium ( a radiolarian lineage) concluded -that . both protracted 
trends and rapid spurts of evolution significantly contributed to the direction of 
overall morphological change. Benson (1983) noted a punctuated event in the 
evolution of Poseidonamicus which he attributed to the biomechanical 
accommodation of stress induced by a relatively sudden invasion of deep 
Antarctic Bottom Water into the species' ecosystem. In this light, the 
interspecific punctuated changes of Anadara from forms best suited to byssal 
attachment to shapes better adapted to burrowing may represent a 
biomechanical adjustment to a paleoecologic stress which forced a change in life 
mode. 
The Eucrassatella and Astarte lineages more closely resembled phy letic 
gradualism because within species variation accounted for as much change as 
interspecific variation and intraspecific trends were preserved during speciation. 
In contrast, Kelley {1979, 1980, 1983a, 1983b, 1984) interpreted the evolutionary 
trend of the lineages to be that of punctuated equilibria ( she observed a gradual 
trend for only a couple of biometric variables). Results were based on ten 
different point to point shell measurements of which three dimensions were 
related to the outline (length, height, and width). More shape variables, 
especially related to the valve outline might have yielded results 
• 
more 1n 
accordance with the author's. Also, Kelley's study incorporated more specimens 
{545) and stratigraphic levels which may account for the intraspecific shape 
fluctuations not revealed in the present study which utilized· fewer specimens and 
horizons. 
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9.1 Future Studies 
A more exhaustive study of the paleoecology · of each horizon from which 
fossil species were collected and detailed sampling over a wider geographic area 
and from different stratigraphic levels within each unit is necessary to more 
accurately characterize the evolutionary mode of the species studied. 
Furthermore, the valve outline represents only one aspect of fossil shape. 
Utilizing the outline in conjunction with other aspects of bivalve morphology 
( ornamentation, muscle scar dimensions) will more comprehensively describe 
morphological tran.sformations through time. 
• 
Of the bivalves studied, extant species or generic representatives are 
available for study. A functional morphological approach to the evolution of 
different fossil shapes could be explored by analysing the outlines of modern 
bivalves in relation to burrowing efficiency, byssal attachment, etc. 
The Principal Components Analysis method of processing outlines could be 
applied to ontogenetic problems, where accretionary growth ridges on bivalves . 
could be traced for shape analysis. A study of the neotenous contribution to 
the evolution of bivalves would thus be possible . 
. '
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Chapter 10 
' 
Cori cl us ions 
10.1 Methodology 
1. Rotation of the digitized outlines to a common orientation is an 
essential first step in the analysis. This step has not yet been 
completely automated. One approach (program Binpaxm) works best 
with elongate forms, while another approach (program Modrot3) 
performs better with rounder forms. Fine-tuning of this rotation step 
improves later results, but is still somewhat subjective and operator-
controlled. 
2. Data reduction is accomplished in two steps. First, the large number 
(100 to 200) x-y coordinates of the rotated valve peripheries are 
reduced to 36 radial lengths spaced at equiangular intervals: then 
Principal Components Analysis further reduces these to 4 to 8 
factors. 
3. The outline is adequately represented by factors when at least 90 
percent of the variance is accounted for: 4 to 6 factors will 
accomplish this for elongate species, but 6 to 8 factors are required 
for rounder species. 
4. An individual fossil outline can then be represented by a set of 4 to 
8 factor scores computed for each outline. The factor scores are 
weighting coefficients that indicate how much of each factor is 
required for that outline. The factor scores are parsimonious shape 
descriptors. 
5. The adequacy of the factor representation is demonstr~ted by 
reconstructing the original outline by matrix multiplication .:of factor 
scores by the factor loadings, destandardizing the results, and plotting 
these 36 values as radials. 
6. The physical meaning of the R-mode factor loadings can be 
interpreted by plotting them as radial diagrams, where they 
superficially resemble . Fourier harmonic plots. The differences are 
significant: (1) with increasing harmonic number, more loops are 
added to the Fourier pattern, whereas successive factor patterns may .. 
contain the .same number of loops but at different orientations; and 
(2) the loops of a Fourier harmonic are by definition symmetrical 
and of equal size, whereas the loops of a factor pattern are not 
constrained to be symmetrical or of similar size. 
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7. Binary scatter plots of pairs of factor scores can serve as an initial 
Q-mode analysis of a sample population of fossil shapes to determine 
which factors best illustrate inter- and intraspecific trends. 
10.2 Evolutionary Trends 
1. Discriminant analysis can demonstrate that a morphospecies of one 
stratigraphic unit is measurably different in shape from the species of 
other time-stratigraphic units. If a large percentage of specimens are 
properly classified to the correct unit ( few specimens classified to 
adjacent units), then an absence of morphological intermediates is 
indicated and a punctuated change is implied. If a high percentage 
of the misassigned species are placed in adjoining units it indicates 
that a mixing of morphotypes in the form of intermediates occurred 
implying a gradual change. 
2. Evolutionary rates can not be calculated from the available data, but 
the direction of evolutionary trends was evaluated. When the 
direction of an intraspecific shape trend is retained in the 
transformation of that species into the next species, a gradual mode 
of evolution can be inferred. However, if interspecific trends vary 
markedly in direction from associated intraspecific changes, an 
evolutionary mode of punctuated equilibria is implied. 
3. Within lineages, evolutionary stasis is implied where there is little 
intraspecific variance between samples from different stratigraphic 
units. Punctuated equilibria is implied where within-species shape 
changes are minor in comparison to between-species differences. 
Gradual evolution applies in lineages where morphologic change is 
equally influenced by inter- and intraspecific shape variation. 
10.3 Paleontology 
1. Dosinia acetabulum displays gradual evolution from oblong to disc-
shaped valves. 
2. Stasis best describes Lucina anodonta and Lucinoma contracta 
temporal trends. 
., 
3. The Astarte lineage evolved gradu.ally from cuneiform to equi-lateral 
triangular and back to a more wedge-shape morphology. The 
evolutionary trend resembles a spiral, showing convergence bet~een 
the youngest morphospecies, A. perplana, and the oldest, A. 
cuneif or mis. 
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4. There were too few specirnens in the Eucrassatella lineage to make a 
determination of its evolutionary rr1ode with confidence. The 
interspecific changes were not large in relation to within-species shape 
variations, and as the directions of interspecific trends· were similar to 
intraspecific trends, the mode of evolution may have been gradual. 
5. The Anadara lineage exhibited an evolutionary mode of punctuated 
equilibria. Morphological changes within-species were small relative 
to those between species. The overall shape trend between species 
was from elongate forms with straight ventral margins to rounder 
valves with curved ventral regions, while within-species changed 
morphologically from rounder shapes to more elongate ones . 
. ... 
,j . 
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Sample Localities 
' 
Locality numbers are referred to in the table of species occurrences, the 
map of the study area, and within the text. Descriptions of the sample site 
locations are listed here and may be determined on the Calvert and St. Marys 
County topographic maps of the Maryland Geologic Survey, or on the North 
Beach, Prince Frederick, Broomes Island, Cove Point, Solomons Island and St. 
Marys City 7 1/2 minute quadrangles. 
1. Bluffs at Chancellor's Point along the east bank of the St. Marys 
River, St. Marys City, St. Marys Co., Md., unit 24, at beach level. 
2. Langley's Bluff, 2 miles southeast of Hermanville, St. Marys Co., 
Md., north of Stamm's residence on Far Cry Road, west shore of 
Chesapeake Bay, unit 24?, at beach level. 
3. Drumcliff, at Callis's residence on west bank of Patuxent River in St. 
Marys Co., Md., unit 17, at beach level. 
4. 1st Beach and 2nd Beach of Chesapeake Ranch Club at Little Cove 
Point, west shore of Chesapeake Bay, Calvert Co., Md., unit 22, at 
beach level. 
5. Calvert Cliffs State Park, west shore of Chesapeake Bay, Calvert 
Co., Md., unit 19, at beach level. 
6. Camp Baybreeze, just north of Calvert Cliffs State Park, west shore 
of Chesapeake Bay, Calvert Co., Md., unit 19, at beach level. 
7. Rocky Point, about 1/2 mile north of Camp Baybreeze, Calvert Co., 
Md., on west shore of Chesapeake Bay, unit 19 at beach level. 
I 
8. South of Camp Conoy, west shore of Chesapeake Bay, property of 
Margaret Moran, Calvert Co., Md., unit 19, at beach level. 
9. South of Flag Ponds Wildlife R~serve, west shore of· Chesapeake ijay, 
- ,. 
Calvert Co., Md., unit 19 at about 6.5 meters above --beach, unit 17 
at beach level. 
10. Calvert Beach, west shore of Chesapeake Bay, Calvert Co., Md., unit 
17 at about 2 meters above beach level. 
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11. Matoa.ka Cottages, just north of Calvert Beach, west shore of 
Chesapeake Bay, Calvert Co., Md., property owned by Mr. and Mrs. 
L.E. Smith, unit 17 about 2 meters above beach level, unit 16 at 
beach level. 
12. Kenwood Beach, west shore of Chesapeake Bay, Calvert Co., Md., 
unit 14 at beach level. 
13. Governor Run Beach, west shore of Chesapeake Bay, Calvert Co., 
Md., unit 14 at beach level. 
14. Scientists Cliffs, west shore of Chesapeake Bay, Calvert Co., Md., 
unit 14 at about 3 meters above beach level. 
15. Plum Point, west shore of Chesapeake Bay, Calvert Co., Md., unit 
10 at beach level. 
16. Camp Roosevelt, west shore of Chesapeake Bay, Calvert Co., Md., 
unit 10 at about 6 meters above beach level. 
17. Randle Cliffs Beach, west shore of Chesapeake Bay, Calvert Co., 
Md., unit 10 at about 10 meters above beach level. 
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Plates 
Explanation of Plate 1 
Figure 
1. Dosinia acetabulum (Conrad). Unit 24, Locality #1, 
Chancellor's Point. 
2. D. acetabulum. Unit 22, Locality #4, Little Cove 
Point. 
3. D. acetabulum. Unit 17, Locality #11, Matoaka 
Cottages. 
4. D. acetabulum. Unit 16, Locality #11, Matoaka 
Cottages. 
6. D. acetabulum. Unit 10, Locality #16, Plum Point. 
" 
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Explanation of Plate 2 
Figure 
1. Lucina (Stewartia) anodonta Say. Unit 24, 
Locality #1, Chancellor's Point. 
2. L. anodonta. Unit 22, Locality #4, Little Cove 
Point. 
3. L. anodonta. Unit lQ, Locality #7, Rocky Point. 
4. L. anodonta. Unit 17, Locality #11, Matoaka 
Cottages. 
6. L. a nodonta . Unit 10, Locality #17, Randle 
Cliffs Beach. 
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Explanation of Plate 3 
Figure 
1. Lucinoma contracta (Say). Unit 17, Locality #11, 
Matoaka Cottages. 
2. L. contracta. Unit 16, Locality #11, Matoaka Cottages. 
3. L. contracta. Unit 14, Locality #13, Governor Run 
Beach. 
""'. ·., (} ~' . 
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Explanation of Plate 4 
Figure 
1. Astarte perplana Conrad. Unit 24, Locality #1, 
Chancellor's Point. 
2. A. th~phila Glenn. Unit 19, Locality #9, south of 
Flag Ponds Wildlife Reserve. 
3. A. thisphila. Unit 17, Locality #11, Matoaka 
Cottages. 
4. A. thisphila. Unit 16, Locality #11, Matoaka 
Cottages. 
6. A. cuneiformis Conrad. Unit 14, Locality #13, 
Governor Run Beach. 
6. A. cuneiformis. Unit 10, Locality #16, Plum Point. 
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Explanation of Plate 6 
Figure 
1 . Eucrassatella melina (Conrad) . Unit 10, Locality #16, 
Plum Point. 
2. E. turgidula (Conrad) . Unit 17, Locality #11, Matoaka 
Cottages. 
3. A nadara subrostrata (Conrad) . Unit 10, Locality #17, 
Randle Cliffs Beach. 
4. A. staminea (Say). Unit 17, Locality #11, Matoaka Cottages. 
6. A. idonea (Conrad). Unit 24, Locality #1, Chancellor's 
Point. 
6. A. arata (Say). Unit 24, Locality #1, Chancellor's Point. 
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Explanation of Plate 6 
Figure 
1. Diplodonta acclinis (Conrad) . Unit 17, Locality #11, Matoaka 
Cottages. 
2. Diplodonta subvexa (Conrad) . Unit 17, Locality #11, Matoaka 
Cottages. 
3. Cerastoderma laqueatum (Conrad) . Unit 22, Locality #4, Little 
Cove Point. 
4. /socardia { Glossus} fraterna Say variety marylandica Schoonover. 
Unit 17, Locality #9, south of Flag Ponds Wildlife 
Reserve. 
6. Astarte obruta Conrad. Unit 19, Locality #9, south of Flag 
Ponds Wildlife Reserve. 
6. Lucina foremani (Conrad) . Unit 10, Locality #17, Randle 
Cliffs Beach. 
7. Cardita granulata (Say). Unit 10, Locality #16, Plum Point. 
8. Glycymeris parilis (Conrad) . Unit 10, Locality #16, Plum 
Point. 
9. Astarte thomasii Conrad. Unit 10, Locality #15, Plum Point. 
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Explanation of Plate 7 
Figure 
1. Mercenaria campechiensis (Gmelin). Unit 17, Locality #11, 
Matoaka Cottages. 
2. Chione {Lirophora} alveata (Conrad) . Unit 24, Locality #1, 
Chancellor's Point. 
3. Melosia staminea (Conrad) . Unit 10, Locality #16, Pl um Point. 
4. Chione parkeria Glenn. Unit 14, Locality #12, Kenwood 
Beach. 
5. Mactra clathrodon Lea. Unit 22, Locality #4, Little Cove 
Point. 
6. Mercenaria mercenaria (Linnaeus) . Unit 22, Locality #4, 
Little Cove Point. 
7. Macrocallista marylandica (Conrad) . Unit 17, Locality #11, 
Matoaka Cottages. 
8. Corbula (Bicorbula} idonea Conrad. Unit 17, Locality #11, 
Matoaka Cottages. 
,:.".l 
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Appendix A 
variance explained by factors 
£actor • cumulative proportion of 
• 
variance variance 
explained in data space • factor in space 
Glycymeris 
1 10.3667 .2877 .3326 
2 6.7129 .4464 .6161 
3 4.4676 .6702 .6693 
4 3.7866 .6764 .7809 
6 2.4077 .7422 .8682 
6 1.7668 .7910 .9146 
7 1.6238 .8333 .9636 
8 1.1341 .8648 1.0000 
Anadara 
1 19.2317 .6342 .6926 
2 6.6302 .6878 .7628 
3 3.1192 .7746 .8689 
4 1.9619 .8290 .9194 
6 1.4314 .8687 .9636 
6 1.1861 .9017 1.0000 
Astarte 
1 18.9661 .6266 .6722 
2 6.3919 .6763 .7360 
3 4.6899 .8038 .8736 
4 1.6661 .8473 .9208 
6 1.4768 .8883 .9663 
6 1.1489 .9202 1.0000 
Eucrassatella 
1 16.2081 .4224 .4688 
2 6.8173 .6840 .6481 
3 4.8608 .7191 .7980 
4 4.4333 .8422 .9346 
6 2 .1213 .9011 1.0000 
Lucina, Lucinoma 
1 13.3114 .3698 .4191 
2 9.2938 .6279 .7117 
3 3.7283 .7316 .8291 
4 2.6190 .8016 .9084 
6 1.6776 .8463 .9681 
6 1.3311 .8823 1.0000 
Diplodonta 
1 11.6608 .3211 ··.·3668 
2 8.9043 .6686 
•·: i 
.6298 
3 6.0169 .7078 .7842 
4 2.4366 .7766 .8691 
6 2 .1618 .8363 .9263 
6 1.3207 .8719 .9660 
7 1.1066 .9027 1.0000 
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factor • variance 
explained 
G1erastoderma 
1 11.0431 
2 9.1768 
3 
4 
6 
6 
7 
6.4463 
2.6380 
2.0680 
1.6780 
1.1331 
lsocardia { Glossus) 
1 21.4726 
2 6.1619 
3 3.0620 
4 
6 
6 
Dosinia 
1 
2 
3 
4 
6 
6 
7 
Melosia 
1 
2 
3 
4 
6 
6 
7 
Chione 
1 
2 
3 
4 
6 
6 
Mercenaria, 
1 
2 
3 
4 
6 
1.4679 
1.3236 
1.0110 
14.8691 
6.6493 
4.2367 
2.8909 
2.0744 
1.4467 
1.0814 
11.7381 
8.2896 
6.0663 
2.7610 
2.3194 
1.3864 
1.1049 
12.4849 
9.0611 
6.0439 
3.7608 
1.1941 
1.0301 
Macrocallista 
19.7924 
4.9896 
3.4167 
2.~621 
1.9667 
Macrocallista, M3 
1 17.7189 
2 10.6107 
3 3.1177 
4 1.3138 
cumulative proportion of variance 
in data space in factor space 
.3068 
.6616 
.7129 
.7834 
.8409 
. 8876 
.91QO 
.6966 
.73Q6 
.8246 
.8661 
.9019 
.9300 
.4130 
.6700 
.6876 
.7679 
.8266 
.8667 
.8957 
.3261 
.6663 
.6971 
.7736 
.8379 
.8764 
.9071 
.3468 
.6982 
.7383 
.8426 
.8757 
.9043 
.6498 
.6884 
.7833 
.8489 
.9036 
.4922 
.7842 
.8708 
.9073 
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.3338 
.6112 
.7768 
.8626 
.9160 
. 
.9667 
1.0000 
.6414 
.7963 
.8867 
.Q303 
.Q698 
1.0000 
.4611 
.6363 
.7677 
.8673 
.9216 
.Q666 
1.0000 
.3696 
.6133 
.7686 
.8627 
.Q237 
.Q662 
1.0000 
.3836 
.6616 
.8166 
.Q317 
.9684 
1.0000 
.6086 
.7619 
.8669 
.9396 
1.0000 
.6426 
.8643 
.9698 
1.0000 
factor • cumulative proportion of 
• 
variance varia
nce 
explained in de.ta. space in factor spac
e 
Macrocallista, BN 
1 16.6004 .4683 
.6032 
2 9.1269 .7118 
.7814 
3 3.6763 .8112 
.8906 
4 2.3890 .8776 
.9633 
6 1.2029 .9190 
1.0000 
Mercenaria 
1 16.2666 .4238 
.4709 
2 6.8477 .6862 
.6613 
3 4.8629 .7213 
.8014 
4 3.0964 .8073 
.8969 
6 2.2016 .8684 
.9649 
6 1.1380 .9001 
1.0000 
Mactra {Spisula) 
1 12 .1666 .3379 
.3766 
2 6.9496 .6310 
.6901 
3 4.7803 .6638 
.7376 
4 3.3364 .7664 
.8406 
6 2.2807 .8198 
.9110 
6 1.8298 .8706 
.9676 
7 1.0629 .8998 
1.0000 
Left Corbula valves 
1 8.6011 .2361 
.2736 
2 7.0218 .4312 
.4994 
3 6.6446 .6880 
.6810 
4 4.3334 .7084 
.8204 
6 2.3262 .7730 
.8962 
6 1.9167 .8262 
.9669 
7 1.3402 .8634 
1.0000 
Right Corbula valves 
1 12.1184 .3366 
.3732 
2 9.6634 .6048 
.6706 
3 3.6663 .7038 
.7804 
4 3.0466 .7884 
.8742 
6 2.3007 .8623 
.9461 
6 1.7831 .9019 
1.0000 
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B.1 elo11gat.e species 
Appendix B 
factor patterns 
FACTOR PATTERNS. ANADARAS, BN M. NO ROT 
. 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
, . NEGATIVE LOADINGS 
FACTOR 1 
138 
FACTOR PATTERNS, ASTAATES, BN M. QRMAX 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
FACTOR 1 
139 
POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
-, 
1.'' 
:, -< 
FACTOR PATTERNS, EUCRASSATELLAS, BN, QRMAX 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
140 
FACTOR PATTERNS, GLOSSUS, M3 M, VMAX 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
141 
FACTOR PATTERNS. CHIONES. M3 M. VMAX 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
FACTOR 1 
142 
POSITIVE LOADINGS 
a NEGATIVE LOADINGS 
FACTOR PATTERNS, MERCENARIAS, M3 M. VMAX 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOAOINSS 
• NEGATIVE LOADINGS 
FACTOR 1 
143 
/ ( 
\ 
FACTOR PATTERNS, MACROCALLISTAS, BN, VMAX 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
6 NEGATIVE LOADINGS 
FACTOR .1 
144 
\, 
FACTOR PATTERNS, MACROCALLISTAS, M3. VMAX 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
145 
FACTOR PATTERNS. MERCENARIAS AND MACROCAL .. M3 M. VMAX 
FACTOR 5 
FACTOR 4 
:r 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
6 NEGATIVE LOADINGS 
FACTOR 1 
146 
FACTOR PATTERNS, MERCEN. AND MACRO .. M3 M. GRMAX 
/\ 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
6 NEGATIVE LOADINGS 
FACTOR 1 
147 
FACTOR PATTERNS, MERCEN. AND MACRO., M3 M. NO ROT 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
148 
Il. 2 rc>1111cl species 
FACTOR PATTERNS. GLYCYMERIS. M3, VMAX 
FACTOR 7 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
FACTOR 1 
149 
POSITIVE LOADINGS 
6 NEGATIVE LOADINGS 
FACTOR PATTERNS. LUCINAS, M3. QAMAX 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
150 
FACTOR PATTERNS, DIPLODONTAS. M3. VMAX 
FACTOR 7 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
p 
I 
151 
FACTOR PATTERNS, CERASTODERMAS, M3. VMAX 
FACTOR 7 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
152 
FACTOR PATTERNS, OOSINIAS, M3, QRMAX 
FACTOR 7 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOA.DINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
: .. ~ 
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',, 
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• 
FACTOR PATTERNS. MELOSIAS. M3, VMAX 
FACTOR 7 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
' 
• ~EGATIVE LOAOINGS 
FACTOR 1 
' • .I 
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FACTOR PATTERNS, SPISULAS, BN. VMAX 
FACTOR 7 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
155 
FACTOR PATTERNS, LEFT CORBULAS. BN, VMAX 
FACTOR 7 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
• NEGATIVE LOADINGS 
FACTOR 1 
156 
FACTOR PATTERNS, RIGHT CORBULAS, M3 M. VMAX 
FACTOR 6 
FACTOR 5 
FACTOR 4 
FACTOR 3 
FACTOR 2 
POSITIVE LOADINGS 
6 NEGATIVE LOADINGS 
FACTOR 1 
157 
Appendix C 
original shapes and factor • recreations 
C.1 Anadara original sl1spcs 
158 
(~.2 Anadara fart.or rccre11tio11s 
159 
C.3 Astarte origi11nl sl1111)es 
160 
C.4 A,tarte f11ctor recrcatio11s 
161 
I 
( ... r: 
.I • a Donnia origi11nl sl111pes 
162 
C.u Donnia factor recreatio11s 
163 
C. 7 Eucrcu,atella origi11nl sl1n J)es 
164 
C.B Eucra,,at,eJJa factor recrentio11s 
165 
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C.10 Lmina factor recreations 
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